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([WHQGHG�$EVWUDFW

6DWHOOLWH�LPDJHV�DUH�D�SRZHUIXO�WRRO�IRU�JHRPRUSKRORJLFDO�VWXGLHV��EXW�KDYH

EHHQ�XVHG�IDU�OHVV�WKDQ�DHULDO�SKRWRJUDSK\���,Q�SDUWLFXODU��WKH�UHJLRQDO�RYHUYLHZ

SURYLGHG�E\�/DQGVDW�7KHPDWLF�0DSSHU��70��LPDJHV�KDV�EHHQ�IRXQG�WR�EH�H[WUHPHO\

YDOXDEOH�IRU�VWXG\LQJ�ODWH�3OHLVWRFHQH�JODFLDWLRQ�LQ�WKH�FHQWUDO�$QGHV���6WDQGDUG

LPDJH�SURFHVVLQJ�WHFKQLTXHV�ZHUH�XVHG�WR�FUHDWH�D�/DQGVDW�7KHPDWLF�0DSSHU��70�

PRVDLF�RI�WKH�FHQWUDO�$QGHV�VXLWDEOH�IRU�D�YDULHW\�RI�JHRPRUSKRORJLFDO��VWXGLHV���7KH

PRVDLF�ZDV�XVHG�WR�PDS�WKH�H[WHQW�RI�ODWH�3OHLVWRFHQH�JODFLDWLRQ�IURP�WKH�H[WHQW�RI

ZHOO�SUHVHUYHG�WHUPLQDO�PRUDLQHV�DQG�RWKHU�JODFLDO�JHRPRUSKRORJLFDO��IHDWXUHV�

0RUDLQHV�LQ�PDQ\�SRUWLRQV�RI�WKH�FHQWUDO�$QGHV�DUH�XQXVXDOO\�ZHOO�SUHVHUYHG�GXH�WR

WKH�UHJLRQªV�VHPLDULG�WR�DULG�HQYLURQPHQW�

/DWH�3OHLVWRFHQH�JODFLHUV�ZHUH�PRUH�QXPHURXV�DQG�ODUJHU�WKDQ�WKHLU�PRGHUQ

FRXQWHUSDUWV���,Q�ODWH�3OHLVWRFHQH�WLPHV��DSSUR[LPDWHO\��������JODFLHUV�H[LVWHG�LQ

WKH�FHQWUDO�$QGHV���7KLV�UHSUHVHQWV�D���IROG�LQFUHDVH�RYHU�WKH�DSSUR[LPDWHO\�����

JODFLHUV�WKDW�H[LVW�LQ�WKH�UHJLRQ�WRGD\���$W�WKHLU�PD[LPXP��ODWH�3OHLVWRFHQH�SDODHR�

JODFLHUV�LQ�WKLV�UHJLRQ�FRYHUHG�DSSUR[LPDWHO\��������NP��ZKLFK�GZDUIV�WKH�SUHVHQW

DUHD��FRYHUHG�E\�JODFLHUV�DQG�VQRZFRYHU���(VWLPDWHV�RI�SUHVHQW�JODFLHU�H[WHQW�LQ�WKH

UHJLRQ�UDQJH�IURP�����NP��WR������NP����7KH�ORZHU�HVWLPDWHG�LV�EDVHG�RQ

LQFRPSOHWH�JODFLHU�LQYHQWRU\�GDWD�ZKLOH�WKH�KLJKHU�QXPEHU�LQFOXGHV�ERWK�JODFLHUV

DQG�VQRZ�FRYHU�FODVVLILHG�RQ�/DQGVDW�70�LPDJHV�

8VLQJ�D�VFDOLQJ�UHODWLRQVKLS�EHWZHHQ�JODFLHU�DUHD�DQG�YROXPH��WKH�LFH

YROXPHV�RI�ERWK�ODWH�3OHLVWRFHQH�DQG�PRGHUQ�JODFLHUV�LQ�WKH�FHQWUDO�$QGHV�ZHUH

HVWLPDWHG���7KH�WRWDO�YROXPH�RI�WKH�UHJLRQªV�SDODHR�JODFLHUV�LV�HVWLPDWHG�WR�EH�����



NP����7KH�PRGHUQ�WRWDO�LV�HVWLPDWHG�WR�EH�RQO\�RQH�SHUFHQW�RI�WKLV�YROXPH�RU

DSSUR[LPDWHO\�������NP��

8VLQJ�WKH�§WRH�WR�KHDGZDOO�DOWLWXGH�UDWLR¨��7+$5��PHWKRG��WKH�HTXLOLEULXP

OLQH�DOWLWXGH��(/$��RI�HDFK�SDODHR�JODFLHU�ZDV�FDOFXODWHG���7KLV�DOORZHG�WKH

PDJQLWXGH�DQG�SDWWHUQ�RI�(/$��VQRZOLQH��GHSUHVVLRQ�WR�EH�FDOFXODWHG�ZLWK�D�OHYHO�RI

GHWDLO�QRW�SUHYLRXVO\�SRVVLEOH���0RGHUQ�DQG�ODWH�3OHLVWRFHQH�(/$V�H[KLELW�D�VLPLODU

QRUWKHDVW�WR�VRXWKZHVW�ULVH�LQ�HOHYDWLRQ�WKDW�LV�D�UHVSRQVH�WR�GHFUHDVLQJ

SUHFLSLWDWLRQ�DFURVV�WKH�UHJLRQ���7KH�SDWWHUQ�RI�(/$�GHSUHVVLRQ�ZDV�IRXQG�WR�YDU\

FRQVLGHUDEO\�IURP�WKH�XQLIRUP������P�ORZHULQJ�RIWHQ�DVVXPHG�IRU�WURSLFDO�ODWLWXGHV�

,Q�SDUWLFXODU��WKH�SUHVHQFH�RI�WKH�KLJK�$OWLSODQR�SODWHDX�LPSRVHV�D�QRQ�FOLPDWLF

FRQVWUDLQW�RQ�JODFLDO�H[SDQVLRQ�DQG�VQRZOLQH�ORZHULQJ�

6KRUW�$EVWUDFW

$�PRVDLF�RI�/DQGVDW�7KHPDWLF�0DSSHU�LPDJHV�ZDV�FRQVWUXFWHG�WR�HQDEOH�WKH

H[WHQW�RI�ODWH�3OHLVWRFHQH�JODFLDWLRQ�LQ�WKH�FHQWUDO�$QGHV�EHWZHHQ����DQG�����6

ODWLWXGH�WR�EH�PDSSHG���)URP�WKH�PDSSLQJ��WKH�QXPEHU��DUHD��DQG�YROXPH�RI�WKH

ODWH�3OHLVWRFHQH�JODFLHUV�ZHUH�FDOFXODWHG�DQG�WKH�PDJQLWXGH�DQG�SDWWHUQ�RI�ODWH

3OHLVWRFHQH�VQRZOLQH�GHSUHVVLRQ�ZDV�HVWLPDWHG�

.H\ZRUGV

UHPRWH�VHQVLQJ��VQRZOLQH��$QGHV



,QWURGXFWLRQ

$HULDO�SKRWRJUDSK\�KDV�ORQJ�HQMR\HG�ZLGHVSUHDG�XVH�LQ�JODFLDO

JHRPRUSKRORJLFDO�VWXGLHV���6DWHOOLWH�UHPRWH�VHQVLQJ��KRZHYHU��KDV�QRW�EHHQ�QHDUO\

VR�FRPPRQ���/LPLWHG�XVDJH�RI�VDWHOOLWH�LPDJHV�FDQ�EH�DWWULEXWHG�WR�LWV�ORZHU�VSDWLDO

UHVROXWLRQ�DQG�WKH�H[SHQVH�RI�VDWHOOLWH�LPDJHV�DQG�DVVRFLDWHG�FRPSXWHU�KDUGZDUH

DQG�VRIWZDUH�QHFHVVDU\�IRU�LPDJH�SURFHVVLQJ���7KLV�LV�GXH�LQ�SDUW�WR�UHPRWH�VHQVLQJ

EHLQJ�RYHUVROG�DV�D�VFLHQWLILF�WRRO�GXULQJ�WKH�HDUO\�\HDUV�RI�WKH�/DQGVDW�SURJUDP

�$EHU�HW�DO���������

+RZHYHU��OLPLWDWLRQV�LQ�DSSOLFDWLRQ�RI�VDWHOOLWH�UHPRWH�VHQVLQJ�IRU�JODFLDO

JHRPRUSKRORJLFDO�VWXGLHV��VXFK�DV�KLJK�FRVW�DQG�ORZ�VSDWLDO�UHVROXWLRQ��DUH�UDSLGO\

GLPLQLVKLQJ���$W�SUHVHQW��DUFKLYHV�RI�/DQGVDW�0XOWLVSHFWUDO�6FDQQHU��066��DW�OHDVW

WZR�\HDUV�ROG�DQG�7KHPDWLF�0DSSHU��70��LPDJHV�DW�OHDVW�WHQ�\HDUV�ROG�DUH�DJDLQ

SXEOLFO\�DYDLODEOH�DW�UHDVRQDEOH�FRVWV�IRU�DFDGHPLF�UHVHDUFK���7KH�XSFRPLQJ

/DQGVDW���DQG�(26�$67(5�LQVWUXPHQWV�ZLOO�SURYLGH�������P�UHVROXWLRQ�LPDJHV�DW

ORZ�FRVW�LQ�WKH�QHDU�IXWXUH���1XPHURXV�FRPPHUFLDO�VDWHOOLWH�DUH�QRZ�EHLQJ�EXLOW�DQG

ZLOO�SURYLGH�VDWHOOLWH�LPDJHV�ZLWK�HYHQ�KLJKHU�VSDWLDO�UHVROXWLRQ���7KH�LQFUHDVLQJ

SRZHU�RI�SHUVRQDO�FRPSXWHUV�DQG�WKH�ZLGH�VHOHFWLRQ�RI�FRPPHUFLDO�DQG�QRQ�

FRPPHUFLDO�LPDJH�SURFHVVLQJ�VRIWZDUH�QRZ�DYDLODEOH�IRU�SHUVRQDO�FRPSXWHUV�DOORZ

VRSKLVWLFDWHG�LPDJH�SURFHVVLQJ�DQG�DQDO\VLV�WR�EH�DFFRPSOLVKHG�TXLWH�LQH[SHQVLYHO\�

6DWHOOLWH�LPDJHV�UHPDLQ�XQHTXDOHG�LQ�WKHLU�DELOLW\�WR�SURYLGH�D�UHJLRQDO�VFDOH

YLHZ�RI�WKH�ODQGVFDSH���7KH\�VHUYH�ERWK�DV�DQ�H[FHOOHQW�EDVHPDS�IRU�UHJLRQDO�VWXGLHV

RI�DOSLQH�JODFLDWLRQ�DQG�DV�D�PHDQV�RI�SODFLQJ�ORFDO�ILHOG�VWXGLHV�ZLWKLQ�WKHLU



UHJLRQDO�FRQWH[W���7KH�FHQWUDO�$QGHV�RI�%ROLYLD��VRXWKHUQ�3HUX��DQG�QRUWKHUQ�&KLOH

DUH�DQ�H[FHOOHQW�DUHD�WR�GHPRQVWUDWH�WKH�XWLOLW\�RI�/DQGVDW�70�DQG�066�LPDJHV�IRU

JODFLDO�JHRPRUSKRORJLFDO�PDSSLQJ�LQ�DQ�DOSLQH�HQYLURQPHQW�

:KLOH�VRPH�GHWDLOHG�ILHOG�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�LQ�WKH�UHJLRQ��H�J�

6HOW]HU��������&OD\WRQ�DQG�&ODSSHUWRQ���������WKH�LQDFFHVVLELOLW\�RI�PDQ\�JODFLDWHG

DUHDV�PDNHV�LW�GLIILFXOW�GHYHORS�D�FRPSUHKHQVLYH�UHJLRQDO�SLFWXUH�RI�ODWH�3OHLVWRFHQH

JODFLDWLRQV�XVLQJ�WUDGLWLRQDO�ILHOG�PHWKRGV���&RQVHTXHQWO\��UHJLRQDO�VWXGLHV�RI�ODWH

3OHLVWRFHQH�JODFLDO�H[WHQW�DQG�VQRZOLQH�HOHYDWLRQ��+DVWHQUDWK��������1RJDPL�������

6DWRK��������DUH�EDVHG�RQ�OLPLWHG�REVHUYDWLRQV���+RZHYHU��WKH�UHJLRQªV�VHPLDULG�WR

DULG�FOLPDWH�PDNHV�LW�H[WUHPHO\�DPHQDEOH�WR�JODFLDO�JHRPRUSKRORJLFDO�VWXGLHV�XVLQJ

WKH�PRGHUDWH�UHVROXWLRQ�/DQGVDW�70�������P��DQG�066�����P��VHQVRUV���:HOO

SUHVHUYHG�PRUDLQHV�DQG�RWKHU�JHRPRUSKRORJLFDO�IHDWXUHV�PDUN�WKH�PD[LPXP�H[WHQW

RI�ODWH�3OHLVWRFHQH�JODFLHUV��6HOW]HU��������DQG�FDQ�EH�HDVLO\�LGHQWLILHG�RQ�/DQGVDW

LPDJHV��)R[��������

6DWHOOLWH�LPDJHV��SDUWLFXODUO\�IURP�WKH�/DQGVDW�VHULHV�RI�VDWHOOLWHV��KDYH�EHHQ

DSSOLHG�WR�LGHQWLILFDWLRQ�RI�JODFLDO�JHRPRUSKRORJLFDO�IHDWXUHV�LQ�D�YDULHW\�RI�VHWWLQJV

�H�J��3XQNDUL��������:LOOLDPV�������%RXOWRQ�DQG�&ODUN��������$EHU�HW�DO��������

&ODUN�������3XQNDUL��������&ODUN��LQ�SUHVV����(YHQ�XVLQJ�VPDOO�VFDOH������������

SKRWRJUDSKLF�SURGXFWV��3RUWHU��������ZDV�DEOH�WR�PDS�WKH�H[WHQW�RI�ODWH�3OHLVWRFHQH

JODFLDWLRQ�LQ�$IJKDQLVWDQ���8VH�RI�GLJLWDO�VDWHOOLWH�LPDJHV�DQG�LPDJH�SURFHVVLQJ

WHFKQLTXHV�DOORZ�/DQGVDW�LPDJHV�WR�EH�HIIHFWLYHO\�HPSOR\HG�LQ�PDSSLQJ�JODFLDO

JHRPRUSKRORJLFDO�IHDWXUHV�DW�PXFK�ODUJHU�VFDOHV�RI�XS�WR����������



7KH�DLPV�RI�WKH�SDSHU�DUH�WZRIROG���7KH�ILUVW�LV�WR�GHVFULEH�WKH�LPDJH

SURFHVVLQJ�WHFKQLTXHV�LQYROYHG�LQ�WKH�SURGXFWLRQ�DQG�XWLOL]DWLRQ�RI�D�PRVDLF�RI

/DQGVDW�7KHPDWLF�0DSSHU��70��VFHQHV���7KH�PRVDLF�ZDV�XVHG�WR�LQYHVWLJDWH�D�ZLGH

YDULHW\�RI�JHRPRUSKRORJLFDO�TXHVWLRQV��LQFOXGLQJ�PDSSLQJ�WKH�H[WHQW�RI�DOSLQH

JODFLDWLRQ���7KH�UDGLRPHWULF�DQG�JHRPHWULF�FRUUHFWLRQV�GLVFXVVHG�LQ�WKLV�SDSHU�DUH

ZLGHO\�XVHG�DQG�DUH�GHVFULEHG�LQ�GHWDLO�WR�VHUYH�DV�D�JXLGH�WR�SUHSDULQJ�LPDJHV�IURP

/DQGVDW�DQG�VLPLODU�VHQVRUV��H�J��6327��IRU�JHRPRUSKRORJLFDO�DQDO\VLV���7KH�SDSHUªV

VHFRQG�DLP�LV�WR�GHVFULEH�KRZ�WKLV�UHJLRQDO�/DQGVDW�70�PRVDLF�LV�XVHG�WR�HVWLPDWH

DQG�H[DPLQH�LPSRUWDQW�JODFLHU�SURSHUWLHV�LQFOXGLQJ��QXPEHU��VL]H�DQG�YROXPH��DV

ZHOO�DV�WR�FRPSDUH�WKH�HOHYDWLRQ�RI�WKH�ODWH�3OHLVWRFHQH�VQRZOLQH�WR�WKDW�DW�SUHVHQW�

6SHFLILFDOO\��D�WZHQW\�WZR�VFHQH�70�PRVDLF�FRYHULQJ�WKH�FHQWUDO�$QGHV�IURP

��������6�ZDV�XVHG�WR�FRPSLOH�SUHYLRXVO\�PDSSHG�SDODHR�JODFLHUV�EHWZHHQ�����DQG

����6��)R[��������DQG�DGGLWLRQDO�SDODHR�JODFLHU�PDSSLQJ�FRYHULQJ�����WR�����6�LQWR�D

VLQJOH�JHRJUDSKLF�LQIRUPDWLRQ�V\VWHP��*,6��FRYHUDJH�IRU�DQDO\VLV���,Q�DOO��WKH

/DQGVDW�PDSSLQJ�UHYHDOHG�WKDW�DSSUR[LPDWHO\��������SDODHR�JODFLHUV�RFFXSLHG�WKH

UHJLRQ�GXULQJ�WKH�ODWH�3OHLVWRFHQH���&RPELQLQJ�WKH�PDSSLQJ�DQG�WRSRJUDSKLF

LQIRUPDWLRQ�FRPSOLHG�IURP�WRSRJUDSKLF�PDSV��WKH�DUHDV�DQG�YROXPHV�RI�WKHVH�IRUPHU

JODFLHUV�ZHUH�HVWLPDWHG���7KH�HTXLOLEULXP�OLQH�DOWLWXGH��(/$��RI�HDFK�LQGLYLGXDO

SDODHR�JODFLHU�ZDV�DOVR�GHWHUPLQHG��\LHOGLQJ�WKH�VSDWLDO�GLVWULEXWLRQ�RI�ODWH

3OHLVWRFHQH�(/$V�RYHU�WKH�UHJLRQ�LQ�FRQVLGHUDEOH�GHWDLO�

7KLV�VWXG\�HQFRPSDVVHV�WKH�3HUXYLDQ�%ROLYLDQ�$QGHV�EHWZHHQ�����6�DQG����

6��)LJXUH������$W�WKHVH�ODWLWXGHV��WKH�$QGHV�DUH�GLYLGHG�LQWR�DQ�HDVWHUQ�DQG�D

ZHVWHUQ�FRUGLOOHUD��ERWK�RI�ZKLFK�VXSSRUW�PRGHUQ�JODFLHUV���7KH�FRUGLOOHUDV�DUH



VHSDUDWHG�E\�D�ODUJH�LQWHUPRQWDQH�LQWHUQDOO\�GUDLQHG�EDVLQ�RI�KLJK�HOHYDWLRQ�EXW

ORZ�UHOLHI�NQRZQ�DV�WKH�$OWLSODQR�ZKLFK�LV�VHFRQG�RQO\�WR�WKH�7LEHWDQ�3ODWHDX�LQ

KHLJKW�DQG�DUHD�

7KH�DJHV�RI�WKH�JODFLDO�PRUDLQHV��LQ�WKH�UHJLRQ�DUH�GLIILFXOW�WR�FRQVWUDLQ

EHFDXVH�QHDUO\�DOO�ODWH�3OHLVWRFHQH�JODFLDO�GDWHV�JLYH�RQO\�PLQLPXP�DJH�IRU

GHJODFLDWLRQ��6HOW]HU����������'DWHV�IURP�VHYHUDO�VLWHV�LQ�WKH�WURSLFDO�$QGHV�VXJJHVW

WKDW�JODFLHUV�UHDFKHG�WKHLU�PD[LPXP�H[WHQW�SULRU�WR����������&�\U�%3��:ULJKW�

������0HUFHU��������6HOW]HU���������EXW�WKH�H[DFW�WLPLQJ�LV�VWLOO�XQFHUWDLQ���,Q�WKLV

VWXG\��WKH�JODFLDO�FKURQRORJ\�RI�WKH�FHQWUDO�$QGHV�LV�QRW�RI�SULPDU\�LQWHUHVW�

+RZHYHU��LW�LV�DVVXPHG�WKDW�DOO�JODFLDO�IHDWXUHV�LGHQWLILHG�DV�ODWH�3OHLVWRFHQH�DJH

IRUPHG�FRQWHPSRUDQHRXVO\���$V�WKH�UHJLRQDO�JODFLDO�FKURQRORJ\�FRQWLQXHV�WR

LPSURYH��WKLV�DVVXPSWLRQ�PD\�EH�IRXQG�WR�EH�LQFRUUHFW���+RZHYHU��WKH�SDXFLW\�RI

JODFLDO�GDWHV�DW�SUHVHQW�PDNHV�LW�LPSRVVLEOH�WR�HLWKHU�FRQILUP�RU�UHIXWH�WKLV

DVVXPSWLRQ�

7KH�FOLPDWH�RI�WKH�FHQWUDO�$QGHV�LV�FKDUDFWHUL]HG�E\�D�ODFN�RI�VLJQLILFDQW

WKHUPDO�VHDVRQDOLW\�DQG�D�SUHGRPLQDQFH�RI�WKH�GLXUQDO�WHPSHUDWXUH�F\FOH�

3UHFLSLWDWLRQ�SURYLGHV�WKH�SULPDU\�VHDVRQDO�FOLPDWH�VLJQDO�LQ�WKH�UHJLRQ���7KH

UHJLRQ�KDV�D�ZHW�GU\�FOLPDWH�DVVRFLDWHG�ZLWK�WKH�QRUWK�VRXWK�PLJUDWLRQ�RI�WKH

,QWHUWURSLFDO�&RQYHUJHQFH�=RQH��,7&=����$�VLQJOH�UDLQ\�VHDVRQ�H[WHQGV�IURP�2FWREHU

WR�0DUFK���'XULQJ�WKH�UHPDLQGHU�RI�WKH�\HDU��WKH�UHJLRQ�UHFHLYHV�YHU\�OLWWOH

SUHFLSLWDWLRQ�

3UHFLSLWDWLRQ��HYHQ�IRU�WKH�H[WUHPH�ZHVWHUO\�SRUWLRQV�RI�WKH�UHJLRQ��LV�GHULYHG

IURP�$WODQWLF�PRLVWXUH�WKDW�KDV�EHHQ�WUDQVSRUWHG�IURP�WKH�HDVW�DFURVV�WKH�6RXWK



$PHULFDQ�ORZODQGV���7KH�UHJLRQDO�SUHFLSLWDWLRQ�SDWWHUQ��)LJXUH����VKRZV�DQ

QRUWKHDVW�VRXWKZHVW�GHFUHDVH�LQ�SUHFLSLWDWLRQ�IURP�WKH�$PD]RQ�ORZODQGV��a����

PP��WR�WKH�&KLOHDQ�FRDVW��������PP����6XSHULPSRVHG�RQ�WKLV�UHJLRQDO�GHFUHDVH�DUH

ORFDO�RURJUDSKLF�SUHFLSLWDWLRQ�H[WUHPHV�RFFXUULQJ�RQ�ORZHU�HDVWHUQ�$QGHDQ�VORSHV�

7KH�UHJLRQªV�VHPLDULG�DQG�SURORQJHG�GU\�VHDVRQ�DUH�H[FHOOHQW�IRU�UHPRWH�VHQVLQJ

VWXGLHV�DV�DWPRVSKHULF�FRQGLWLRQV�GXULQJ�WKH�GU\�ZLQWHU�PRQWKV�DUH�FRPPRQO\�FOHDU

DQG�FORXGOHVV�

0HWKRGV

Image Processing

,PDJH�SURFHVVLQJ�DQG�JHRJUDSKLFDO�LQIRUPDWLRQ�V\VWHPV��*,6��VRIWZDUH�ZDV

XVHG�WR�PDS��FRPSLOH��DQG�DQDO\]H�WKH�ODWH�3OHLVWRFHQH�JODFLDO�ODQGIRUPV�RI�WKH

FHQWUDO�$QGHV�PDSSHG�IURP�/DQGVDW�LPDJHV���%HIRUH�WKH�LPDJHV�ZHUH�XVHG�IRU

PDSSLQJ��D�UDGLRPHWULFDOO\�FRUUHFWHG�DQG�JHRJUDSKLFDOO\�UHIHUHQFHG�PRVDLF�ZDV

FUHDWHG�DV�D�PDSSLQJ�EDVH���:KLOH�WKH�UDGLRPHWULF�DQG�JHRPHWULF�FRUUHFWLRQ�RI

VDWHOOLWH�LPDJHV�LV�DQ�DUGXRXV�WDVN��LW�LV�QHFHVVDU\�LI�VDWHOOLWH�LPDJHV�DUH�WR�EH

FRPELQHG�ZLWK�RWKHU�JHRJUDSKLF�LQIRUPDWLRQ�LQ�D�JHRJUDSKLFDO�LQIRUPDWLRQ�V\VWHP�

Radiometric corrections

,Q�FRPELQLQJ�/DQGVDW�VFHQHV�DFTXLUHG�RQ�GLIIHUHQW�GDWHV�DQG�XQGHU�YDULHG

DWPRVSKHULF�FRQGLWLRQV�LW�LV�QHFHVVDU\�WR�FDOLEUDWH�WKH�LPDJHV�UDGLRPHWULFDOO\

�/LOOHVDQG�DQG�.LHIHU����������5DGLRPHWULF�FDOLEUDWLRQ�ZDV�SHUIRUPHG�WR�FRQYHUW�WKH

UDGLDQFH�PHDVXUHG�DW�WKH�VDWHOOLWH�VHQVRU�WR�PRUH�SK\VLFDOO\�PHDQLQJIXO�XQLWV�RI

DW�VDWHOOLWH�UHIOHFWDQFH�DQG�WR�FRPSHQVDWH�IRU�LOOXPLQDWLRQ�DQG�DWPRVSKHULF�FKDQJHV



DPRQJ�WKH�LPDJHV����7KHVH�VWHSV�ZHUH�QHFHVVDU\�VR�WKDW�LPDJH�VSHFWUD�FRXOG�EH

FRPSDUHG�WR�ODERUDWRU\�RU�ILHOG�VSHFWUD��5RELQRYH��������DQG�VR�FRPSXWHU

FODVVLILFDWLRQ�RI�PRGHUQ�VQRZ�FRYHU�FRXOG�EH�SHUIRUPHG�DFURVV�WKH�UDQJH�RI�LPDJHV�

)URP�D�YLVXDO�VWDQGSRLQW��UDGLRPHWULF�FDOLEUDWLRQ�UHGXFHV�GLVWUDFWLQJ�FRORXU

YDULDWLRQV�DPRQJ�WKH�VFHQHV���,Q�WKH�VHPLDULG�WR�DULG�HQYLURQPHQWV�RI�WKH�FHQWUDO

$QGHV��VLPSOH�UDGLRPHWULF�FRUUHFWLRQV�ZHUH�IRXQG�WR�GR�DQ�H[FHOOHQW�MRE�LQ�DOORZLQJ

PXOWLSOH�LPDJHV�WR�EH�PHUJHG�ZLWKRXW�XQVLJKWO\�RU�GLVWUDFWLQJ�FRORXU�FRQWUDVWV

EHWZHHQ�WKH�LPDJHV�

7KH�LQGLYLGXDO�SL[HOV�RI�D�/DQGVDW�70�DQG�066�LPDJHV�DUH�TXDQWL]HG��LQWR�D

QXPEHU�RI�GLVFUHWH�YDOXHV�FDOOHG�GLJLWDO�QXPEHUV�RU�'1�YDOXHV���5DGLRPHWULF

FRUUHFWLRQ��GLVFXVVHG�LQ�GHWDLO�E\�5RELQRYH��������DQG�0DUNKDP�DQG�%DUNHU�������

DQG�RXWOLQHG�KHUH��LQYROYHV�FRQYHUWLQJ�WKH�UDZ�'1�YDOXHV�WR�VSHFWUDO�UDGLDQFHV�RU

UHIOHFWDQFHV���7KH�ILUVW�VWHS�LQ�UDGLRPHWULFDOO\�SURFHVVLQJ�D�/DQGVDW�70�RU�066

LPDJH�UHTXLUHV�FRQYHUWLQJ�WKH�UDZ�'1�YDOXHV�LQWR�XQLWV�RI�LQ�EDQG�VSHFWUDO

UDGLDQFH�UHFHLYHG�DW�WKH�VDWHOOLWH�
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ZKHUH�/λ�LV�WKH�VSHFWUDO�UDGLDQFH��LQ�P:�FP���VWHU���µP����/PLQλ�LV�WKH�VSHFWUDO

UDGLDQFH�DW�'1� ����/PD[λ�LV�WKH�VSHFWUDO�UDGLDQFH�DW�'1� �'1PD[��ZKHUH�'1PD[�LV

����IRU���ELW�70�GDWD�������IRU���ELW�066�GDWD��DQG����IRU���ELW�066�GDWD���9DOXHV

IRU�/PLQλ DQG�/PD[λ XVHG�LQ�WKH�70�FRUUHFWLRQV�SULRU�WR�2FWREHU���������FDQ�EH�IRXQG

LQ�0DUNKDP�DQG�%DUNHU����������5DGLDQFH�FRQYHUVLRQV�IRU�VFHQHV�SURGXFHG�E\



(26$7�DIWHU�2FW���������DUH�GHWDLOHG�LQ�WKH�WHFKQLFDO�QRWHV�DW�WKH�(26$7�ZHE�VLWH�

�KWWS���ZZZ�VSDFHLPDJH�FRP�KRPH�SXEV�WHFKBSDSHUV�UDGLDQFH�KWPO��DQG

KWWS���ZZZ�VSDFHLPDJH�FRP�KRPH�SXEV�WHFKBSDSHUV�UDGFRUU�KWPO�

$IWHU�FRQYHUWLQJ�WKH�'1�YDOXHV�LQ�HDFK�EDQG�WR�D�VSHFWUDO�UDGLDQFH�

FRUUHFWLRQV�ZHUH�PDGH�WR�FRPSHQVDWH�IRU�YDU\LQJ�LOOXPLQDWLRQ�EHWZHHQ�VFHQHV

DFTXLUHG�DW�GLIIHUHQW�WLPHV�RI�WKH�\HDU�DQG�IRU�GLIIHUHQFHV�LQ�VRODU�LUUDGLDQFH

EHWZHHQ�EDQGV��5RELQRYH����������7KLV�LV�DFFRPSOLVKHG�E\�FRQYHUWLQJ�WKH�VRODU

UDGLDQFHV��HTXDWLRQ����WR�HIIHFWLYH�DW�VDWHOOLWH�UHIOHFWDQFH��RU�LQ�EDQG�SODQHWDU\

DOEHGR��ρS��

( )ρ
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���

ZKHUH�ρS�LV�WKH�XQLWOHVV�HIIHFWLYH�DW�VDWHOOLWH�SODQHWDU\�DOEHGR��/λ�LV�WKH�VSHFWUDO

UDGLDQFH��G�LV�WKH�HDUWK�VXQ�GLVWDQFH�LQ�DVWURQRPLFDO�XQLWV��DSSUR[LPDWHO\�������(VXQ

LV�WKH�PHDQ�VRODU�H[RDWPRVSKHULF�VSHFWUDO�LUUDGLDQFH��P:�FP���µP�����DQG�θ] LV

WKH VRODU�]HQLWK�DQJOH�DW�WKH�WLPH�RI�LPDJH�DFTXLVLWLRQ���7KH�YDOXHV�IRU�(VXQ�IRU�ERWK

066�DQG�70�DUH�JLYHQ�LQ��0DUNKDP�DQG�%DUNHU��������RU�IRU�70�DW�WKH�(26$7

ZHE�VLWH��KWWS���ZZZ�VSDFHLPDJH�FRP����7KH�VRODU�HOHYDWLRQ�����θ]��LV�IRXQG�LQ�WKH

DQFLOODU\�ILOHV�RQ�WKH�GLJLWDO�GDWD�WDSHV���'DLO\�HDUWK�VXQ�GLVWDQFHV�DUH�SXEOLVKHG

\HDUO\�LQ�7KH�$VWURQRPLFDO�$OPDQDF��H�J��86�1DYDO�2EVHUYDWRU\��������

,W�LV�DOVR�QHFHVVDU\�WR�FRUUHFW�VDWHOOLWH�LPDJHV�IRU�DWPRVSKHULF�HIIHFWV�DV�WKH

UDGLDQFH�UHFHLYHG�DW�WKH�VDWHOOLWH�VHQVRU�LQFOXGHV�ERWK�VXUIDFH�DQG�DWPRVSKHULF

FRPSRQHQWV���7KH�DWPRVSKHUH�DIIHFWV�HOHFWURPDJQHWLF�UDGLDWLRQ�E\�VFDWWHULQJ�



DEVRUSWLRQ��DQG�UHIUDFWLRQ�RI�ZKLFK�VFDWWHULQJ�SURFHVVHV�GRPLQDWH��6ODWHU�HW�DO��

��������$WPRVSKHULF�HIIHFWV�DUH�VWURQJO\�ZDYHOHQJWK�GHSHQGHQW���)DLOXUH�WR�DFFRXQW

IRU�UHODWLYH�UDGLDQFH�FKDQJHV�EHWZHHQ�EDQGV�FDXVHG�E\�WKH�DWPRVSKHUH�FDQ�DIIHFW

PXOWLEDQG�DQDO\WLFDO�WHFKQLTXHV�VXFK�DV�EDQG�UDWLRLQJ��&ULSSHQ��������

7KHUH�DUH�WZR�JHQHUDO�FDWHJRULHV�RI�VFDWWHULQJ��5D\OHLJK�DQG�0LH��DHURVRO��

5D\OHLJK�VFDWWHULQJ�RFFXUV�ZKHQ�UDGLDWLRQ�LQWHUDFWV�ZLWK�DLU�PROHFXOHV�RI�PXFK

VPDOOHU�GLDPHWHU�WKDQ�WKH�ZDYHOHQJWK�DQG�WKH�VFDWWHULQJ�LV�LQYHUVHO\�SURSRUWLRQDO

WR�WKH�IRXUWK�SRZHU�RI�WKH�ZDYHOHQJWK��λ������7KH�DPRXQW�RI�5D\OHLJK�VFDWWHULQJ�WKXV

GHSHQGV�RQ�WKH�SDWK�OHQJWK�WKURXJK�WKH�DWPRVSKHUH�DQG�DV�VXFK�LV�D�IXQFWLRQ�RI

DWPRVSKHULF�SUHVVXUH��)U|KOLFN�DQG�6KDZ��������RU�WKH�HOHYDWLRQ�RI�WKH�VLWH���0LH

VFDWWHULQJ�RFFXUV�ZKHQ�HOHFWURPDJQHWLF�UDGLDWLRQ�HQFRXQWHUV�SDUWLFOHV�ZLWK

GLDPHWHUV������WR����WLPHV�WKDW�RI�WKH�ZDYHOHQJWK���6FDWWHULQJ�LV�URXJKO\

SURSRUWLRQDO�WR�WKH�ZDYHOHQJWK�WR�WKH������WR�������SRZHU��,TEDO��������ZLWK�D�YDOXH

RI������FRPPRQO\�FLWHG��$QJVWURP��������

8QGHU�W\SLFDO�DWPRVSKHULF�FRQGLWLRQV�VFDWWHULQJ�DSSHDUV�WR�YDU\�EHWZHHQ�λ��

WR�λ������6ODWHU�HW�DO���������&KDYH]����������+RZHYHU��VFDWWHULQJ�LQ�WKH�KLJK�GU\

HQYLURQPHQWV�RI�WKH�FHQWUDO�$QGHV�FDQ�EH�UHDVRQDEO\�DSSUR[LPDWHG�E\��D�VLPSOH

5D\OHLJK�VFDWWHULQJ�PRGHO����7KLV�KDV�DOVR�EHHQ�IRXQG�WUXH�RI�RWKHU�DULG

HQYLURQPHQWV��&KDYH]��������

9DULRXV�PHWKRGV�RI�KD]H�FRUUHFWLRQ�DUH�DYDLODEOH�WR�UHPHG\�WKHVH

DWPRVSKHULF�HIIHFWV���%HFDXVH�PRVW�JHRPRUSKRORJLFDO�DSSOLFDWLRQV�HPSOR\�SUHYLRXVO\

FROOHFWHG�LPDJHV��DWPRVSKHULF�FRQGLWLRQV�DW�WKH�WLPH�RI�LPDJH�DFTXLVLWLRQ�DUH



VHOGRP�NQRZQ���)RUWXQDWHO\��WKLV�LV�QRW�D�VHYHUH�SUREOHP�DV�PRVW�JHRPRUSKRORJLFDO

VWXGLHV�DUH�SULPDULO\�LQWHUSUHWLYH�LQ�QDWXUH�DQG�GR�QRW�UHTXLUH�KLJK�UDGLRPHWULF

SUHFLVLRQ���$�VLPSOH�KD]H�FRUUHFWLRQ�WHFKQLTXH�NQRZQ�DV�EODFNERG\�VXEWUDFWLRQ

ZKLFK�UHTXLUHV�RQO\�LPDJH�LQIRUPDWLRQ�LV�XVXDOO\�DGHTXDWH�

%ODFNERG\�VXEWUDFWLRQ�DVVXPHV�WKDW�ZLWKLQ�HDFK�VFHQH�WKHUH�LV�D�KLJK

SUREDELOLW\�WKDW�DW�OHDVW�VRPH�UHVROXWLRQ�HOHPHQWV�RU�SL[HOV�ZLOO�KDYH�QR�UHIOHFWDQFH

EHFDXVH�WKH\�DUH�GHHSO\�VKDGRZHG���,Q�WKH�DEVHQFH�RI�DWPRVSKHULF�HIIHFWV�WKHVH

SL[HOV�VKRXOG�KDYH�D�'1�YDOXH�RI�����7KH�DFWXDO�'1�YDOXHV�LQ�HDFK�EDQG�IRU�WKHVH

SL[HOV�WKHUHIRUH�UHSUHVHQWV�WKH�HIIHFW�RI�WKH�DWPRVSKHUH�RQ�WKH�LPDJH��&KDYH]�

��������,Q�WKH�VLPSOHVW�EODFNERG\�FRUUHFWLRQ�WKLV�'1�YDOXH�IRU�HDFK�EDQG�LV

VXEWUDFWHG�IURP�DOO�SL[HOV�LQ�WKH�LPDJH�

2QH�SUREOHP�ZLWK�WKLV�DSSURDFK�LV�WKDW�WKH�VHOHFWHG�FRUUHFWLRQ�YDOXHV�PD\

QRW�FRQIRUP�WR�WKH�UHDOLVWLF�UHODWLYH�DWPRVSKHULF�VFDWWHULQJ�PRGHOV�GHVFULEHG�DERYH�

7KLV�SUREOHP�LV�DYRLGHG�E\�XVLQJ�WKH�LPSURYHG�GDUN�REMHFW�VXEWUDFWLRQ�PHWKRG�RI

&KDYH]����������,Q�WKLV�PHWKRG�D�'1�YDOXH�LV�VHOHFWHG�LQ�RQH�EDQG�DQG�D�UHODWLYH

VFDWWHULQJ�PRGHO��XVXDOO\�UDQJLQJ�IURP�λ���IRU�FOHDU�FRQGLWLRQV�WR�λ�����IRU�YHU\�KD]\

FRQGLWLRQV��LV�XVHG�WR�FDOFXODWH�WKH�RIIVHW�LQ�WKH�UHPDLQGHU�RI�WKH�EDQGV���$V�WKH

VKRUWHVW�ZDYHOHQJWKV��70�EDQG���DQG�066�EDQG����XVXDOO\�UHTXLUH�WKH�ODUJHVW

FRUUHFWLRQV��D�FRUUHFWLRQ�LV�VHOHFWHG�IURP�WKH�LPDJH�IRU�WKHVH�EDQGV�DQG�WKH�UHODWLYH

VFDWWHULQJ�PRGHO�LV�XVHG�WR�SUHGLFW�WKH�FRUUHFWLRQV�LQ�WKH�UHPDLQGHU�RI�WKH�EDQGV���,Q

WKH�DEVHQFH�RI�FKDQJLQJ�YHJHWDWLRQ��VQRZ��RU�FORXG�FRYHU��WKHVH�UDGLRPHWULF

FRUUHFWLRQV�UHPRYH�PRVW�GLVWUDFWLQJ�FRORXU�FRQWUDVWV�DPRQJ�VFHQHV�DQG�DOORZ



FUHDWLRQ�RI�YHU\�XQLIRUP�LPDJH�PRVDLFV�LQ�VHPLDULG�WR�DULG�HQYLURQPHQWV�VXFK�DV

WKH�FHQWUDO�$QGHV�

$�FRORXU�FRPSRVLWH�VXLWDEOH�IRU�YLVXDO�LQWHUSUHWDWLRQ�RI�JHRPRUSKLF�DQG

JHRORJLF�IHDWXUHV�ZDV�FUHDWHG�E\�GLVSOD\LQJ�/DQGVDW�70�EDQGV��������������µP����

���������� µP��DQG������������� µP��DV�UHG��JUHHQ��DQG�EOXH�UHVSHFWLYHO\���7KLV

SURGXFHG�D�SVHXGRFRORU�LPDJH�ZLWK�JRRG�FRORXU�FRQWUDVW�EHWZHHQ�VXUIDFH�PDWHULDOV

EXW�ZKRVH�FRORUV�ZHUH�VLPLODU�HQRXJK�WR�WKRVH�LQ�WKH�YLVLEOH�ZDYHOHQJWKV�WR�EH

HDVLO\�LQWHUSUHWDEOH�E\�LQGLYLGXDOV�ZLWK�OLWWOH�RU�QR�UHPRWH�VHQVLQJ�H[SHUWLVH�

)LQDOO\��KLVWRJUDP�VWUHWFKLQJ�ZDV�HPSOR\HG�WR�HQKDQFH�WKH�FRQWUDVW�LQ�HDFK�RI�WKH

GLVSOD\HG�EDQGV���$IWHU�WKH�DERYH�UDGLRPHWULF�FRUUHFWLRQV�KDG�EHHQ�DSSOLHG��DQ

LGHQWLFDO�VWUHWFK�ZDV�DSSOLHG�WR�HDFK�VFHQH�LQ�WKH�PRVDLF�DQG�VPDOO�DGMXVWPHQWV

ZHUH�PDGH�RQO\�WR�LPSURYH�WKH�FRORXU�PDWFKLQJ�EHWZHHQ�VFHQHV�DIIHFWHG�E\�WKLQ

FLUUXV�FORXGV�

Geometric Rectification

&RPELQLQJ�PXOWLSOH�/DQGVDW�LPDJHV�LQWR�D�VLQJOH�PRVDLF�UHTXLUHV�WKDW�HDFK

LQGLYLGXDO�VFHQH�EH�JHRPHWULFDOO\�UHFWLILHG�LQWR�D�FRPPRQ�PDS�SURMHFWLRQ���7KLV

VWXG\�HPSOR\HG�D�7UDQVYHUVH�0HUFDWRU�SURMHFWLRQ�GHVLJQHG�WR�PLQLPL]H�JHRPHWULF

GLVWRUWLRQV�ZLWKLQ�WKH�FHQWUDO�$QGHV���(DFK�LPDJH�ZDV�WUDQVIRUPHG�LQWR�WKH

SURMHFWLRQ�XVLQJ�JURXQG�FRQWURO�SRLQWV��*&3V��ZKLFK�DUH�ORFDWLRQV�ZKRVH�JHRJUDSKLF

SRVLWLRQ�LV�NQRZQ�DQG�WKDW�FDQ�EH�ORFDWHG�SUHFLVHO\�ZLWKLQ�WKH�LPDJH���*RRG�*&3

FDQGLGDWHV�DUH�FXOWXUDO�IHDWXUHV�VXFK�DV�URDG�LQWHUVHFWLRQV���+RZHYHU��LQ

XQGHUGHYHORSHG�DJUDULDQ�ODQGVFDSHV�VXFK�DV�WKH�FHQWUDO�$QGHV��FXOWXUDO�IHDWXUHV



DUH�VFDUFH�DQG�KDUG�WR�LGHQWLI\���7KHUHIRUH��QDWXUDO�IHDWXUHV�VXFK�DV�ULYHU�MXQFWLRQV

ZHUH�FRPPRQO\�HPSOR\HG�DV�*&3V���&RHIILFLHQWV�IRU�WZR�FRRUGLQDWH�WUDQVIRUPDWLRQ

HTXDWLRQV�WKDW�UHODWH�WKH�JHRJUDSKLF�FRRUGLQDWHV�WR�WKH�XQFRUUHFWHG�LPDJH

FRRUGLQDWHV�ZHUH�WKHQ�GHWHUPLQHG�E\�OHDVW�VTXDUHV�UHJUHVVLRQ��/LOOHVDQG�DQG�.LHIHU�

��������,Q�WKH�DEVHQFH�RI�LQGHSHQGHQW�WHVWV�RI�VSDWLDO�DFFXUDF\��KRUL]RQWDO�DFFXUDF\

LV�HVWLPDWHG�WR�EH�RQ�WKH�RUGHU�RI�������SL[HOV��DSSUR[LPDWHO\�������P����7KLV

HVWLPDWH�LV�EDVHG�RQ�WKH�URRW�PHDQ�VTXDUH��506��HUURUV�IRU�WKH�FRRUGLQDWH

WUDQVIRUPDWLRQV���7KH�ILQDO�UDGLRPHWULFDOO\�FRUUHFWHG�DQG�JHRPHWULFDOO\�UHFWLILHG

/DQGVDW�70�PRVDLF�RI�WKH�FHQWUDO�$QGHV�LV�VKRZQ�LQ�)LJ����DQG�WKH�VFHQHV

FRPSULVLQJ�WKH�PRVDLF�DUH�OLVWHG�LQ�7DEOH���

Glacial geomorphological mapping

8VLQJ�SKRWR�LQWHUSUHWDWLRQ��WKH�FRUUHFWHG�/DQGVDW�7KHPDWLF�0DSSHU�LPDJHV

ZHUH�XVHG�WR�PDS�WKH�DUHD�HQFRPSDVVHG�E\�HDFK�SDODHR�JODFLHU���7KH�ORZHU�OLPLWV�RI

HDFK�SDODHR�JODFLHU�ZHUH�SULPDULO\�LGHQWLILHG�E\�ODWHUDO�DQG�WHUPLQDO�PRUDLQHV�

/DWHUDO�PRUDLQHV�RU�JODFLDO�WULPOLQHV�GHILQHG�WKH�PLGGOH�UHDFKHV�RI�WKH�SDODHR�

JODFLHU�DQG�LQ�WKH�XSSHU�UHDFKHV�WKH�H[WHQW�RI�HDFK�SDODHR�JODFLHU�ZDV�HVWLPDWHG�E\

SURMHFWLQJ�WKH�ODWHUDO�PRUDLQHV�RU�WULPOLQHV�WR�WKH�JODFLHU�KHDGZDOO���$SSUR[LPDWHO\

�������SDODHR�JODFLHUV�ZHUH�PDSSHG�LQ�WKLV�PDQQHU���$Q�$5&�,1)2�H[SRUW�ILOH

FRQWDLQLQJ�WKH�PDSSHG�SDODHR�JODFLHUV�DQG�WKHLU�FDOFXODWHG�DWWULEXWHV��VHH

$SSHQGL[�,��LV�DYDLODEOH�

,Q�PXFK�RI�WKLV�VHPLDULG�UHJLRQ��JODFLDO�JHRPRUSKRORJLFDO��IHDWXUHV�DUH�ZHOO

SUHVHUYHG�DQG�HDVLO\�GLVFHUQLEOH�RQ�ERWK�70�DQG�066�LPDJHV���7KH�KLJKHU�VSDWLDO



UHVROXWLRQ�DQG�LQFUHDVHG�VSHFWUDO�FRQWHQW�RI�70��KRZHYHU���PDNH�LW�VXSHULRU�WR�066

IRU�LGHQWLILFDWLRQ�RI�DOSLQH�JODFLHU�IHDWXUHV�DV�FDQ�EH�FOHDUO\�VHHQ�LQ�)LJ������2YHU

PXFK�RI�WKH�VHPL�DULG�SRUWLRQV�RI�WKH�FHQWUDO�$QGHV��ODWHUDO�PRUDLQHV�FDQ�EH

LGHQWLILHG�DV�VKDUS�FUHVWHG�ULGJHV�DV�LV�VKRZQ�LQ�)LJ���%���+HUH�VHYHUDO�ODWHUDO

PRUDLQHV�DUH�YLVLEOH�ERWK�LQ�WKH�DHULDO�SKRWRJUDSKV�DQG�LQ�WKH�/DQGVDW�70�LPDJH�

7KHVH�QDUURZ�PRUDLQHV�DUH�LGHQWLILHG�E\�WKH�FRQWUDVW�EHWZHHQ�D��ZHOO�LOOXPLQDWHG

VORSH�IDFLQJ�WKH�VXQ�DQG�WKH�VKDGHG�VORSH�RQ�WKH�RSSRVLWH�VLGH�RI�WKH�FUHVW���,Q�PDQ\

LQVWDQFHV��/DQGVDWªV�ORZHU�VSDWLDO�UHVROXWLRQ�DLGV�LQ�LGHQWLILFDWLRQ�RI�WKH�ODUJH�ODWH

3OHLVWRFHQH�PRUDLQHV���2IWHQ�VPDOOHU�DQG�OHVV�SURPLQHQW�IHDWXUHV�DUH�QRW�UHVROYHG

DW�WKH������PHWHU�UHVROXWLRQ�ZKLFK�PDNHV�WKH�ODUJHU�PRUDLQHV�HDVLHU�WR�GLVWLQJXLVK�

7KH�WHUPLQDO�SRVLWLRQ�RI�WKH�JODFLHU�LV�ORFDWHG�E\�IROORZLQJ�WKH�ODWHUDO�PRUDLQHV�WR

WKHLU�ORZHVW�HOHYDWLRQ�RU�WR�ZKHUH�D�WHUPLQDO�PRUDLQH�LV�YLVLEOH����,Q�VRPH�DUHDV�

VHYHUDO�ODWH�3OHLVWRFHQH�JODFLDO�DGYDQFHV�WHUPLQDWHG�DW�QHDUO\�WKH�VDPH�HOHYDWLRQ�

$V�WKH�WHUPLQDO�PRUDLQHV�RI�WKH�HDUOLHU�JODFLDWLRQV�PD\�EH�PRUH�SURQRXQFHG�WKDQ

WKRVH�DVVRFLDWHG�ZLWK�WKH�ODVW�JODFLDWLRQ��RXU�PDSSHG�JODFLDO�H[WHQW�PD\�EH�VOLJKWO\

RYHUHVWLPDWHG�EHFDXVH�WKH�WHUPLQDO�PRUDLQHV�DVVRFLDWHG�ZLWK�WKH�ODVW�DGYDQFH

FRXOG�QRW�EH�SURSHUO\�LGHQWLILHG�

$QRWKHU�H[DPSOH�RI�LGHQWLILFDWLRQ�RI�PRUDLQHV�RQ�WKH�$OWLSODQR�SODWHDX�LV

VKRZQ�LQ�)LJ������7KLV�DUHD��ZKLFK�OLHV�MXVW�WR�WKH�QRUWK�HDVW�RI�/D�3D]��%ROLYLD��KDV

EHHQ�WKH�VLWH�RI�JHRPRUSKLF�ILHOG�PDSSLQJ��$UJROOR��������DQG�SURYLGHV�DQ

LQIRUPDWLYH�FRPSDULVRQ�EHWZHHQ�RXU�70�EDVHG�PDSSLQJ�DQG�ILHOG�PDSSLQJ���$V�FDQ

EH�VHHQ�E\�FRPSDULQJ�WKH�/DQGVDW�EDVHG�PDSSLQJ��)LJXUH��%��ZLWK�ERWK�DHULDO

SKRWRJUDSKV��)LJXUH��$��DQG�D�SRUWLRQ�RI�WKH�JHRPRUSKLF�PDS�RI�WKH�UHJLRQ



�$UJROOR��������WKH�/DQGVDW�70�EDVHG�LQWHUSUHWDWLRQ�FDSWXUHV�WKH�JHQHUDO�SDWWHUQ�RI

/DWH�3OHLVWRFHQH�JODFLDO�H[WHQW�LQ�WKH�UHJLRQ���7KH�PRUDLQH�FRUUHVSRQGLQJ�WR�WKH�ODVW

RI�WKH�ODWH�3OHLVWRFHQH�DGYDQFHV�LV�FRUUHFWO\�LGHQWLILHG��DV�DUH�VRPH�RI�WKH�ROGHU

DGYDQFHV���+RZHYHU��VRPH�VPDOO�IHDWXUHV�LGHQWLILHG�DV�PRUDLQHV�RQ�WKH�70�ZHUH

PDSSHG�LQ�WKH�ILHOG�E\�$UJROOR��������DV�WHUWLDU\�GHSRVLWV���,Q�DGGLWLRQ�VRPH�RI�WKH

HDUOLHU�JODFLDO�DGYDQFHV�WKDW�H[WHQGHG�MXVW�SDVW�WKH�H[WHQW�RI�WKH�ODVW�JODFLDO

DGYDQFH�ZHUH�LQFRUUHFWO\�LGHQWLILHG�RQ�WKH�/DQGVDW�70�LPDJH���$V�FDQ�EH�VHHQ�LQ

DHULDO�SKRWRJUDSK\�WKH�WRSRJUDSK\�LQ�WKLV�UHJLRQ�LV�TXLWH�KXPPRFN\�ZKLFK�PDNHV

GLVFULPLQDWLRQ�RI�ORZ�UHOLHI�PRUDLQHV�GLIILFXOW���+RZHYHU��LW�VKRXOG�EH�QRWHG�WKDW�WKH

DUHDV�HQFORVHG�E\�WKHVH�ROGHU�DQG�PRUH�H[WHQVLYH�JODFLHUV�ZHUH�QRW�XVHG�LQ

VXEVHTXHQW�DQDO\VLV���0XFK�RI�WKH�XQFHUWDLQW\�LQ�WKH�/DQGVDW�DQDO\VLV�VWHPV�IURP

WKH�FORVH�SUR[LPLW\�RI�PRUDLQHV�RI�YDU\LQJ�DJHV��DOO�RI�ZKLFK�KDYH�EHHQ�TXLWH�ZHOO

SUHVHUYHG�LQ�WKLV�VHPL�DULG�FOLPDWH�

,GHQWLILFDWLRQ�RI�JODFLDO�IHDWXUHV�LQ�WKH�PRUH�KXPLG�DQG�YHJHWDWHG�HDVWHUQ

VORSHV�RI�WKH�HDVWHUQ�FRUGLOOHUDV�LQ�%ROLYLD�DQG�LQ�SRUWLRQV�RI�VRXWKZHVWHUQ�3HUX�ZDV

PRUH�GLIILFXOW�DV�ERWK�DUHDV�KDYH�H[WUHPHO\�KLJK�UHOLHI���$OWKRXJK�PRGHUQ�JODFLHUV

DUH�FRQILQHG�WR�WKH�SHDNV��ODWH�3OHLVWRFHQH�JODFLHUV�GHVFHQGHG�LQ�QDUURZ�YDOOH\V�WR

PXFK�ORZHU�HOHYDWLRQV���,Q�SRUWLRQV�RI�WKH�HDVWHUQ�FRUGLOOHUD�RI�%ROLYLD��6327

SDQFKURPDWLF�����P��LPDJHV�DQG�DHULDO�SKRWRJUDSK\�ZHUH�XVHG�DV�D�FKHFN�RQ�WKH

70�PDSSLQJ���0DQ\�RI�WKH�JODFLDO�IHDWXUHV�UHVROYHG�LQ�WKH�6327�LPDJHV�DQG�DHULDO

SKRWRJUDSKV�FRXOG�DOVR�EH�LGHQWLILHG�LQ�WKH�70�DOWKRXJK�WKH\�ZHUH�OHVV�ZHOO�GHILQHG

�)LJXUH������7KH�JODFLDO�H[WHQWV�YLVLEOH�RQ�WKHVH�KLJKHU�UHVROXWLRQ�LPDJHV�FORVHO\



PDWFKHG�WKRVH�PDSSHG�XVLQJ�70�LPDJHV��OHQGLQJ�FRQILGHQFH�WR�RXU�70�EDVHG

LQWHUSUHWDWLRQV�

,Q�WKHVH�DUHDV��WKH�H[WHQW�RI�ODWH�3OHLVWRFHQH�JODFLDWLRQ�FDQ�EH�PDSSHG�E\

XVLQJ�WKH�UHJLRQDO�RYHUYLHZ�SURYLGHG�E\�/DQGVDW�WR�LQWHUSUHW�LQGLYLGXDO�ODQGIRUPV

EDVHG�RQ�WKH�ODUJHU�VSDWLDO�FRQWH[W�YLVLEOH�LQ�WKH�/DQGVDW�PRVDLF���$Q�H[DPSOH�RI

LGHQWLILFDWRQ�RI�JODFLDO�H[WHQW�LQ�WKH�HDVWHUQ�FRUGLOOHUD�RI�%ROLYLD�LV�VKRZQ�LQ�)LJ����

+HUH��WKHUH�LV�D�WUDQVLWLRQ�IURP�D�8�VKDSHG�YDOOH\�ZLWK�JODFLDOO\�VFRXUHG�EHGURFN�WR

D�PXFK�QDUURZHU�9�VKDSHG�YDOOH\�ZLWK�OHVV�HYLGHQFH�RI�JODFLDO�HURVLRQ���8SVWUHDP�RI

WKLV�WUDQVLWLRQ��LW�LV�SRVVLEOH�WR�LGHQWLI\�ODUJH�ODWHUDO�PRUDLQHV�DV�FUHVWHG�ULGJHV�WKDW

DUH�VHSDUDWHG�IURP�WKH�PDLQ�YDOOH\�ZDOOV�LQ�ERWK�WKH�DHULDO�SKRWRJUDSKV�DQG�WKH

/DQGVDW�LPDJHV���/HVV�SURPLQHQW�PRUDLQHV�FDQ�RIWHQ�EH�LGHQWLILHG�E\�WKH�VKDGRZ

WKDW�RFFXUV�EHWZHHQ�D�ODWHUDO�PRUDLQH�DQG�WKH�DGMDFHQW�YDOOH\�ZDOO�

7KH�ODUJHVW�SUREOHP�LQ�WKH�HDVWHUQ�FRUGLOOHUD�LV�LGHQWLILFDWLRQ�RI�WKH�WHUPLQDO

PRUDLQH��ZKLFK�PD\�RU�PD\�QRW�EH�SUHVHQW���'HEULV�IORZV��ODQGVOLGH�GHSRVLWV��DQG

ULYHU�WHUUDFHV�WKDW�RFFXU�DORQJ�WKH�YDOOH\�ZDOOV�DQG�IORRU�PD\�EH�PLVWDNHQO\

LGHQWLILHG�DV�PRUDLQHV���,Q�WKH�DEVHQFH�RI�D�FOHDU�WHUPLQDO�PRUDLQH��WKH�ORZHVW

YLVLEOH�HYLGHQFH�RI�JODFLDO�DGYDQFH�PXVW�EH�XVHG�WR�PDUN�WKH�WHUPLQDO�SRVLWLRQ�RI

WKH�PRUDLQH���7KLV�LV�RIWHQ�WKH�VKLIW�IURP�D�8��WR�9�VKDSHG�YDOOH\�FURVV�VHFWLRQ�

+RZHYHU��ZKLOH�WKH�JODFLDO�H[WHQWV�LQ�VRPH�YDOOH\V�KDYH�XQGRXEWHGO\�EHHQ

PLVLGHQWLILHG��/DQGVDW�LPDJHV�GR�UHYHDO��LQ�D�PDQQHU�XQREWDLQDEOH�IURP�DHULDO

SKRWRJUDSKV��WKH�SHUYDVLYH�DQG�LGHQWLILDEOH�WUDQVLWLRQ�IURP�D�JODFLDO�ODQGVFDSH�LQWR

D�IOXYLDO�RQH�WKURXJKRXW�WKH�HDVWHUQ�FRUGLOOHUD�RI�%ROLYLD�



7KH�DOWLWXGH�RI�WKH�HTXLOLEULXP�OLQH�RI�HDFK�SDODHR�JODFLHU�ZDV�HVWLPDWHG

XVLQJ�D�7RH�WR�+HDGZDOO�$OWLWXGH�5DWLR�RU�7+$5��0HLHUGLQJ��������RI��������7KH

PLQLPXP��WRH��DQG�PD[LPXP��KHDGZDOO��HOHYDWLRQV�XVHG�ZLWK�WKH�7+$5�WR

HVWLPDWH�WKH�(/$�RI�HDFK�SDODHR�JODFLHU�ZHUH�GHWHUPLQHG�E\�RYHUOD\LQJ�WKH�PDSSHG

JODFLDO�H[WHQWV�RQ�WKH�EHVW�DYDLODEOH�WRSRJUDSKLF�PDSV�����������������������RU

����������WRSRJUDSKLF�PDSV�SURGXFHG�E\�WKH�,QVWLWXWR�*HRJUDILD�0LOLWDU�LQ�/D�3D]�

%ROLYLD�RU�/LPD��3HUX����7KH�PLQLPXP�DQG�PD[LPXP�HOHYDWLRQV�ZLWKLQ�WKH�PDSSHG

SDODHR�JODFLHU�ZHUH�WKHQ�UHFRUGHG�

Modern snow cover classification

,Q�DGGLWLRQ�WR�XVH�DV�D�JHRPRUSKRORJLFDO�PDSSLQJ�EDVH��/DQGVDW�70�ZDV

XVHG�WR�GHWHUPLQH�WKH�DUHD�RI�WKH�FHQWUDO�$QGHV�FRYHUHG�E\�PRGHUQ�JODFLHUV�DQG

VQRZ�FRYHU���7KHVH�DUHDV�ZHUH�GHWHUPLQHG�XVLQJ�D�VQRZ�FRYHU�FODVVLILFDWLRQ

DOJRULWKP�GHYHORSHG�E\�'R]LHU����������7KH�UDGLRPHWULF�FDOLEUDWLRQ�GLVFXVVHG

SUHYLRXVO\�DOORZHG�D�XQLIRUP�FODVVLILFDWLRQ�FULWHULRQ�WR�GHWHUPLQH�LI�D�SL[HO

FRQWDLQHG�VQRZ�RU�JODFLDO�LFH���7KH�FODVVLILFDWLRQ�FULWHULD�DUH�DV�IROORZV���UHIOHFWDQFH

LQ�70�EDQG��������������µP��JUHDWHU�WKDQ������UHIOHFWDQFH�LQ�70�EDQG�������������

µP��OHVV�WKDQ������DQG�WKH�QRUPDOL]HG�GLIIHUHQFH�UDWLR�EHWZHHQ�70�EDQG���������

�����µP��DQG�70�EDQG����>�70��70����70��70��@��JUHDWHU�WKDQ��������7KH�DUHDV

FODVVLILHG�DV�VQRZ�DQG�JODFLHUV�DUH�VKRZQ�LQ�)LJ������$V�PRVW�RI�WKH�LPDJHV�ZHUH

FROOHFWHG�GXULQJ�WKH�GU\�ZLQWHU�PRQWKV��WKH�VQRZ�FRYHU�VKRZQ�LQ�WKH�70�PRVDLF

VKRXOG�EH�QHDU�LWV�DQQXDO�PLQLPXP���7KH�PRGHUQ�VQRZOLQH��ZKLFK�LV�XVHG�DV�D

URXJK�SUR[\�IRU�WKH�HOHYDWLRQ�RI�WKH�(/$��ZDV�HVWLPDWHG�E\�GHWHUPLQLQJ�WKH�ORZHU



HOHYDWLRQDO�OLPLW�RI�WKH�FODVVLILHG�VQRZ�FRYHU���6QRZOLQH�HOHYDWLRQV�ZHUH�UHFRUGHG

HYHU\�����NP�DORQJ�WKH�ORZHU�OLPLW�RI�VQRZ�FRYHU�WR�FDSWXUH�WKH�ORFDO�YDULDELOLW\�LQ

VQRZOLQH�DOWLWXGHV��)R[�DQG�%ORRP����������0RGHUQ�VQRZOLQH�FRXOG�QRW�EH�FDOFXODWHG

IURP�WKH�UHJLRQªV�JODFLHU�LQYHQWRULHV��EHFDXVH�FRPSOHWH�VSDWLDO�FRYHUDJH�ZDV�QRW

DYDLODEOH�

5HVXOWV�DQG�'LVFXVVLRQ

&RPELQLQJ�WKH�DUHDV�DQG�HOHYDWLRQV�RI�WKH�SDODHR�JODFLHUV�GHWHUPLQHG�IURP

WKH�PDSSLQJ�ZLWK�VLPLODU�LQIRUPDWLRQ�DERXW�PRGHUQ�JODFLHUV�ERWK�IURP�WKH�/DQGVDW

VQRZFRYHU�FODVVLILFDWLRQ�DQG�JODFLHU�LQYHQWRULHV�HQDEOHG�D�UHJLRQDO�FRPSDULVRQ

EHWZHHQ�WKH�WZR�VWDWHV���7KH�SURSHUWLHV�RI�SULPDU\�LQWHUHVW�KHUH�DUH�WKH

IXQGDPHQWDO�PHDVXUHPHQWV�RI�DUHD��QXPEHU��DQG�YROXPH���2I�VHFRQGDU\�LQWHUHVW�LV

WKH�PDJQLWXGH�DQG�SDWWHUQ�RI�WKH�HOHYDWLRQDO�FKDQJH�LQ�JODFLHUV�EHWZHHQ�WKH

SUHVHQW�DQG�/DWH�3OHLVWRFHQH�

Glacier area and number

7ZR�RI�WKH�PRVW�HDVLO\�PHDVXUHG�DQG�IXQGDPHQWDO�SURSHUWLHV�RI�D�UHJLRQªV

JODFLHUV�DUH�WKHLU�DUHD�DQG�QXPEHU���$W�WKHLU�ODWH�3OHLVWRFHQH�PD[LPXP��)LJXUH����

JODFLHUV�LQ�WKH�FHQWUDO�$QGHV�EHWZHHQ�����DQG�����6�ODWLWXGH�RFFXSLHG

DSSUR[LPDWHO\��������NP����%DVHG�RQ�DQDO\VLV�RI�WKH�70�EDVHG�VQRZ�FRYHU

FODVVLILFDWLRQ��VQRZ�DQG�JODFLHUV�FXUUHQWO\�RFFXS\�DSSUR[LPDWHO\������NP��LQ�WKH

FHQWUDO�$QGHV���$V�WKLV�WRWDO�LQFOXGHV�ERWK�VQRZ�DQG�JODFLHUV��LW�LV�DQ�RYHUHVWLPDWLRQ

RI�WKH�SUHVHQW�JODFLDWHG�DUHD���(VWLPDWHV�RI�PRGHUQ�JODFLHUL]HG�DUHDV�EDVHG�RQ

JODFLDO�LQYHQWRULHV�LQ�%ROLYLD��-RUGDQ���������3HUX��+LGUDQGLQD���������DQG�&KLOH



�2\DU]XQ��������LQGLFDWH�WKDW�DSSUR[LPDWHO\�����NP��RI�WKH�FHQWUDO�$QGHV�DUH

JODFLDWHG��7DEOH������%HFDXVH�JODFLHU�LQYHQWRULHV�ZHUH�QRW�DYDLODEOH�IRU�WZR

JODFLHUL]HG�DUHDV�LQ�VRXWKZHVWHUQ�3HUX��WKLV�VXP�XQGHUHVWLPDWHV�WKH�WRWDO

JODFLHUL]HG�DUHD���7KXV��WKHVH�WZR�HVWLPDWHV������NP��DQG������NP���EUDFNHW�WKH

DUHD�RI�WKH�FHQWUDO�$QGHV�FRYHUHG�E\�PRGHUQ�JODFLHUV���7KLV�DUHD�LV�RQO\�D�VPDOO

IUDFWLRQ��������RI�WKH�PD[LPXP�ODWH�3OHLVWRFHQH�JODFLDWHG�DUHD�

$W�SUHVHQW��DSSUR[LPDWHO\������JODFLHUV�H[LVW�LQ�WKH�FHQWUDO�$QGHV�IURP����

WR�����6�ZLWK�WKH�PDMRULW\���������IRXQG�LQ�WKH�HDVWHUQ�FRUGLOOHUDV�RI�%ROLYLD

�-RUGDQ����������,Q�WKH�&KLOHDQ�$QGHV�EHWZHHQ�����DQG�����6��2\DU]XQ�������

LQYHQWRULHG����JODFLHUV�DQG�WKH�ZHVWHUQ�FRUGLOOHUDV�RI�%ROLYLD�FRQWDLQ�D�IHZ

DGGLWLRQDO�JODFLHUV��-RUGDQ����������7KH�QXPEHU�RI�JODFLHUV�H[LVWLQJ�LQ�3HUX�VRXWK�RI

����LV�XQNQRZQ�EHFDXVH�RI�DQ�LQFRPSOHWH�JODFLHU�LQYHQWRU\�LQ�3HUX���([FOXGLQJ

XQVXUYH\HG�DUHDV���3HUXYLDQ�JODFLHUV�ZLWKLQ�WKH�VWXG\�UHJLRQ�QXPEHU

DSSUR[LPDWHO\������+LGUDQGLQD��������

,Q�FRQWUDVW��DW�WKHLU�ODWH�3OHLVWRFHQH�JODFLDO�PD[LPXP��DSSUR[LPDWHO\�������

JODFLHUV�H[LVWHG�LQ�WKH�FHQWUDO�$QGHV���:KLOH�WKHUH�LV�XQFHUWDLQW\�LQ�WKLV�HVWLPDWH

DULVLQJ�IURP�VXEMHFWLYH�GHFLVLRQV�PDGH�LQ�WKH�PDSSLQJ�SURFHVV�FRQFHUQLQJ�ZKHWKHU

LQGLYLGXDO�LFH�PDVVHV�VKRXOG�EH�VSOLW�RU�MRLQHG��WKH�QXPEHU�RI�ODWH�3OHLVWRFHQH

JODFLHUV�ZDV�QHDUO\�DQ�RUGHU�RI�PDJQLWXGH�JUHDWHU�WKDQ�WKRVH�SUHVHQWO\�H[LVWLQJ�LQ

WKH�FHQWUDO�$QGHV���7KHVH�JODFLHUV�ZHUH�FRQVLGHUDEO\�ODUJHU�DV�ZHOO���7KH�ODUJHVW

PRGHUQ�JODFLHU�ZLWKLQ�WKH�HQWLUH�3HUXYLDQ�DQG�%ROLYLDQ�$QGHV�LV������NP����,Q

FRQWUDVW��WKH�ODUJHVW�PDSSHG�/DWH�3OHLVWRFHQH��JODFLHU�FRYHUHG�DQ�DUHD�RI�����NP�



�7DEOH������%RWK�WKH�PHDQ�DQG�PHGLDQ�VL]HV�RI�WKH�ODWH�3OHLVWRFHQH�JODFLHUV�ZHUH

ODUJHU�DV�ZHOO��LQGLFDWLQJ�DQ�RYHUDOO�LQFUHDVH�LQ�JODFLHU�VL]H�

Area-Number scaling

$�FXUUHQW�WRSLF�RI�UHVHDUFK�LQ�TXDQWLWDWLYH�JHRPRUSKRORJ\�LV�WKH�VWXG\�RI�WKH

VFDOH�LQYDULDQW�QDWXUH�RI�PDQ\�HOHPHQWV�RI�WKH�ODQGVFDSH���6FDOH�LQYDULDQW

SKHQRPHQD�DUH�FKDUDFWHUL]HG�E\�D�SRZHU�ODZ��IUDFWDO�GLVWULEXWLRQ��7XUFRWWH��������

+RZHYHU��H[DPLQDWLRQ�RI�WKH�FXPXODWLYH�GLVWULEXWLRQ�RI�JODFLHU�DUHD�YHUVXV�QXPEHU

IRU�GLIIHUHQW�UHJLRQV�RI�WKH�ZRUOG�UHYHDOV�WKDW�JODFLHU�VL]H�GHYLDWHV�PDUNHGO\�IURP�D

SRZHU�ODZ�GLVWULEXWLRQ���,QVWHDG��WKH�FXPXODWLYH�VL]H�GLVWULEXWLRQ�RI�JODFLHUV

DSSHDUV�WR�DSSUR[LPDWH�WKH�SURGXFW�RI�D�SRZHU�ODZ�DQG�DQ�H[SRQHQWLDO���+RZHYHU�

WKH�SK\VLFDO�EDVLV�IRU�WKLV�GLVWULEXWLRQ�LV�XQNQRZQ��0HLHU�DQG�%DKU��������

,Q�D�ORJ�ORJ�SORW�RI�DUHD�YHUVXV�FXPXODWLYH�QXPEHU��WKLV�IUDFWDO�H[SRQHQWLDO

UHODWLRQVKLS�LV�FKDUDFWHUL]HG�E\�D�FRQYH[�XS�FXUYH�UDWKHU�WKDQ�D�VWUDLJKW�OLQH

LQGLFDWLYH�RI�VFDOH�LQYDULDQFH���7KH�DUHD�FXPXODWLYH�QXPEHU�UHODWLRQVKLS�RI�ERWK

PRGHUQ�DQG�SDODHR�JODFLHUV�LQ�WKH�FHQWUDO�$QGHV�LV�VLPLODU�WR�WKDW�RI�JODFLHUV�IURP

RWKHU�DUHDV�RI�WKH�ZRUOG��)LJXUH����

7KH�DUHD�QXPEHU�GLVWULEXWLRQ�IRU�PRGHUQ�JODFLHUV�ZDV�FDOFXODWHG�IURP�WKH

JODFLHU�LQYHQWRULHV�RI�3HUX�DQG�%ROLYLD��:RUOG�*ODFLHU�0RQLWRULQJ�6HUYLFH�

XQSXEOLVKHG�GDWD����7KH�FXUYHV�RI�PRGHUQ�3HUXYLDQ�DQG�%ROLYLDQ�JODFLHUV�SDUDOOHO

HDFK�RWKHU��)LJXUH�����LQGLFDWLQJ�WKDW�ZKLOH�WKH�PHDQ�VL]HV�GLIIHU��DV�LV�VKRZQ�LQ

7DEOH�����WKHLU�UHODWLYH�VL]H�GLVWULEXWLRQV�DUH�VLPLODU���7KH�UHODWLRQVKLS�EHWZHHQ

JODFLHU�VL]H�DQG�QXPEHU�IRU�ODWH�3OHLVWRFHQH�JODFLHUV�LQ�WKH�FHQWUDO�$QGHV�DOVR



IROORZV�WKH�IUDFWDO�H[SRQHQWLDO�UHODWLRQVKLS���+RZHYHU��WKH�UDWLR�RI�ODUJH�JODFLHUV�WR

VPDOO�RQHV�ZDV�VOLJKWO\�JUHDWHU�GXULQJ�ODWH�3OHLVWRFHQH�WLPHV�WKDQ�DW�SUHVHQW���7KLV

LV�ZKDW�ZRXOG�EH�H[SHFWHG�LI�VPDOOHU�JODFLHUV�FRDOHVFHG�LQWR�ODUJHU�JODFLHU�V\VWHPV

GXULQJ�WKH�ODWH�3OHLVWRFHQH���+RZHYHU��LW�FRXOG�DOVR�EH�DQ�DUWLIDFW�UHVXOWLQJ�IURP

OXPSLQJ�VPDOO�LQGLYLGXDO�JODFLHUV�LQWR�ODUJHU�LFH�ERGLHV�GXULQJ�WKH�PDSSLQJ�SURFHVV�

'HVSLWH�WKH�GLIIHUHQFHV�LQ�VL]H�GLVWULEXWLRQ�EHWZHHQ�PRGHUQ�DQG�ODWH�3OHLVWRFHQH

JODFLHUV��WKHLU�RYHUDOO�VLPLODULW\�SURYLGHV�VRPH�PHDVXUH�RI�FRQILGHQFH�WKDW�/DQGVDW

70�EDVHG�JODFLHU�PDSSLQJ�LV�DQ�DFFXUDWH�UHSUHVHQWDWLRQ�RI�ODWH�3OHLVWRFHQH�JODFLHUV

LQ�WKH�FHQWUDO�$QGHV�

Ice volume of late Pleistocene and modern glaciers

,Q�DGGLWLRQ�WR�GHWHUPLQLQJ�WKH�VL]H�RI�ODWH�3OHLVWRFHQH�JODFLHUV�LQ�WKH�FHQWUDO

$QGHV��LW�LV�LPSRUWDQW�WR�HVWLPDWH�WKHLU�HTXLYDOHQW�LFH�YROXPH���,Q�SDUWLFXODU��WKH

HIIHFW�RI�JODFLDO�PHOWZDWHU�RQ�WKH�SDOHRODNHV�RI�WKH�$OWLSODQR�KDV�UHFHLYHG

FRQVLGHUDEOH�DWWHQWLRQ��H�J��.HVVOHU��������+DVWHQUDWK�DQG�.XW]EDFK��������&OD\WRQ

DQG�&ODSSHUWRQ��������%ORGJHWW�HW�DO�����������'HWHUPLQLQJ�WKH�YROXPH�RI�JODFLDO�LFH

UHTXLUHV�D�NQRZOHGJH�RI�KRZ�JODFLHU�YROXPH�VFDOHV�DV�D�IXQFWLRQ�RI�DUHD�

$�VWDWLVWLFDO�UHODWLRQVKLS�EHWZHHQ�WKH�DUHD�RI�ODWH�3OHLVWRFHQH�JODFLHUV�LQ�WKH

FHQWUDO�$QGHV�DQG�WKHLU�YROXPH�KDV�EHHQ�SUHYLRXVO\�GHYHORSHG�E\�)R[����������7KH

UHODWLRQVKLS�ZDV�HVWDEOLVKHG�E\�UHFRQVWUXFWLQJ�WKH�LFH�VXUIDFH�RI�VL[W\�QLQH�JODFLHUV

LQ�VRXWKHUQ�%ROLYLD�IROORZLQJ�WKH�PHWKRG�GHYHORSHG�E\�3RUWHU��������DQG

VXEWUDFWLQJ�WKH�HOHYDWLRQ�RI�WKH�XQGHUO\LQJ�WRSRJUDSK\�LQ�D�*,6���)RU�WKH�HQWLUH



FHQWUDO�$QGHV��LFH�YROXPH�HVWLPDWHG�XVLQJ�WKLV�UHODWLRQVKLS�LV������NP����+RZHYHU�

QR�SK\VLFDO�EDVLV�H[LVWV�IRU�WKLV�HPSLULFDOO\�GHULYHG�UHODWLRQVKLS��)LJXUH�����

5HFHQW�HPSLULFDO��0HLHU�DQG�%DKU��������DQG�WKHRUHWLFDO��%DKU�HW�DO��������

VWXGLHV�LQGLFDWH�WKDW�IRU�PRGHUQ�WHPSHUDWH�JODFLHUV��YROXPH�VFDOHV�DV�DQ

H[SRQHQWLDO�IXQFWLRQ�RI�DUHD�

V cAb= ���

ZKHUH�9�LV�YROXPH��$�LV�DUHD��DQG�F�DQG�E�DUH�VFDOLQJ�IDFWRUV���7KH�HPSLULFDOO\

GHWHUPLQHG�H[SRQHQWLDO�VFDOLQJ�IDFWRU��E� �������KDV�EHHQ�IRXQG�WR�KDYH�D

WKHRUHWLFDO�EDVLV��%DKU�HW�DO�����������7KH�DUHD�YROXPH�UHODWLRQVKLS�RI�WKH�VL[W\�QLQH

UHFRQVWUXFWHG�JODFLHUV�FRQIRUPV�WR�WKLV�H[SRQHQWLDO�UHODWLRQVKLS��)LJXUH�����

7KURXJK�OHDVW�VTXDUHV�FXUYH�ILWWLQJ��WKH�OLQHDU�VFDOLQJ�WHUP��F��ZDV�HVWLPDWHG�WR�EH

��������(TXDWLRQ�����DOORZHG�WKH�WRWDO�LFH�YROXPH�RI�ODWH�3OHLVWRFHQH�JODFLHUV�WR�EH

PRUH�FRQILGHQWO\�HVWLPDWHG�DV������NP����7KH�ODUJH�GLIIHUHQFH�������LQ�LFH�YROXPH

HVWLPDWHV�LV�FDXVHG�E\�WKH�JUHDWHU�YROXPHV�HVWLPDWHG�IRU�RI�WKH�ODUJHVW�DQG�VPDOOHVW

JODFLHUV�E\�WKH�)R[��������HTXDWLRQ�

8VLQJ�HTXDWLRQ�������WKH�FRHIILFLHQWV�GHYHORSHG�IRU�WKH�SDODHR�JODFLHUV�DQG

%ROLYLDQ�JODFLHU�LQYHQWRU\�GDWD��:RUOG�*ODFLHU�0RQLWRULQJ�6HUYLFH��XQSXEOLVKHG

GDWD���WKH�YROXPH�RI�PRGHUQ�%ROLYLDQ�JODFLHUV�LQ�WKH�FHQWUDO�$QGHV�VRXWK�RI�����6

ZHUH�GHWHUPLQHG���7KH�WRWDO�YROXPH�RI�%ROLYLDQ�JODFLHUV�LV�HVWLPDWHG�WR�EH������NP��

*LYHQ�WKDW�WKH�WRWDO�DUHD�RI�WKHVH�JODFLHUV�LV�DSSUR[LPDWHO\�RQH�KDOI�RI�WKH�WRWDO

JODFLHUL]HG�DUHD��WKH�WRWDO�YROXPH�RI�WKH�UHJLRQªV�JODFLHUV�LV�SHUKDSV�����WLPHV�WKLV�RU

���WR����NP����'HVSLWH�WKH�REYLRXV�XQFHUWDLQWLHV�LQ�WKLV�HVWLPDWH��LW�LV�QHYHUWKHOHVV



RQO\�D�PLQXWH�IUDFWLRQ������������RI�WKH�YROXPH�RI�WKH�UHJLRQªV�ODWH�3OHLVWRFHQH

JODFLHUV�

Regional ELA pattern and depressions

7KH�UHJLRQDO�YLHZ�RI�WKH�FHQWUDO�$QGHV�SURYLGHG�E\�/DQGVDW�70�LPDJHV�KDV

HQDEOHG�UHFRQVWUXFWLRQ�RI�WKH�HOHYDWLRQ�RI�WKH�ODWH�3OHLVWRFHQH�(/$����%\�FRPSDULQJ

WKH�UHJLRQDO�(/$�SDWWHUQV�RI�ODWH�3OHLVWRFHQH�JODFLHUV�ZLWK�WKRVH�DW�SUHVHQW��WKH

UHJLRQDO�SDWWHUQ�RI�(/$�ORZHULQJ��VQRZOLQH�GHSUHVVLRQ��ZDV�FDOFXODWHG���7KH

DPRXQW�RI�(/$�ORZHULQJ�YDULHV�FRQVLGHUDEO\�DFURVV�WKH�FHQWUDO�$QGHV�DQG�WKLV�IDFW

KDV�LPSRUWDQW�FRQVHTXHQFHV�IRU�SDOHRFOLPDWLF�LQWHUSUHWDWLRQV�EDVHG�RQ�(/$

GHSUHVVLRQV�

%RWK�PRGHUQ��)LJXUH�����DQG�ODWH�3OHLVWRFHQH��)LJXUH�����(/$V�VKRZ�D�ULVH

QRUWKHDVW�WR�VRXWKZHVW�DFURVV�WKH�FHQWUDO�$QGHV���0RGHUQ�(/$�ULVHV�VWHHSO\�IURP

a�����P�WR�RYHU������PHWHUV�DFURVV�WKH�HDVWHUQ�FRUGLOOHUD�RI�%ROLYLD�WKHQ�ULVHV�PRUH

JHQWO\�DFURVV�WKH�$OWLSODQR�WR�H[WUHPHO\�KLJK�HOHYDWLRQV��!�����P��DORQJ�WKH

%ROLYLD�&KLOH�ERUGHU���7KLV�ULVH�LQ�PRGHUQ�(/$�LV�D�GLUHFW�FRQVHTXHQFH�RI�GHFUHDVLQJ

SUHFLSLWDWLRQ�DFURVV�WKH�UHJLRQ��.XKQ��������

/DWH�3OHLVWRFHQH�(/$�DOVR�URVH�VWHHSO\�DFURVV�WKH�HDVWHUQ�FRUGLOOHUD�WKHQ

JHQWO\�URVH�VRXWKZHVW�DFURVV�WKH�SODWHDX�WR�!�����P�LQ�WKH�ZHVWHUQ�FRUGLOOHUD���,Q

VRXWKZHVWHUQ�3HUX�DQG�QRUWKHUQ�&KLOH��WKHUH�ZDV�D�VOLJKW�GURS�LQ�WKH�HOHYDWLRQV�RI

WKH�ODWH�3OHLVWRFHQH�HTXLOLEULXP�OLQH�DORQJ�WKH�ZHVWHUQ�VORSHV�RI�WKH�ZHVWHUQ

FRUGLOOHUD���/LNH�WKHLU�PRGHUQ�FRXQWHUSDUWV��LQ�DUHDV�ZKHUH�WKH�SUHFLSLWDWLRQ

JUDGLHQW�LV�VWHHS��)LJXUH�����VXFK�DV�DORQJ�WKH�HDVWHUQ�&RUGLOOHUD�LQ�%ROLYLD��WKH



ODWH�3OHLVWRFHQH�(/$�URVH�TXLFNO\�DQG�ZKHUH�WKH�HDVW�ZHVW�SUHFLSLWDWLRQ�JUDGLHQW�LV

JHQWOHU��WKH�ULVH�LQ�(/$�ZDV�PRUH�JUDGXDO���7KLV�LQGLFDWHV�WKDW�DW�WKH�WLPH�RI�WKH

ORFDO�JODFLDO�PD[LPXP��SUHFLSLWDWLRQ�LQ�WKH�FHQWUDO�$QGHV�KDG�D�SUHGRPLQDWHO\

HDVWHUO\�VRXUFH�DV�WRGD\�DV�FRQFOXGHG�E\�)R[��������

7KH�HTXLOLEULXP�OLQH�RI�ODWH�3OHLVWRFHQH�JODFLHUV�ZDV����������P�ORZHU�WKDQ

WRGD\��)LJXUH�������7KH�ORZHULQJ�ZDV�JUHDWHVW�DORQJ�WKH�HDVWHUQ�FRUGLOOHUD�RI�3HUX

DQG�%ROLYLD�ZKHUH�WKH�(/$�ZDV�FRQVLVWHQWO\�����������P�ORZHU���7KLV�XQLIRUP

GHSUHVVLRQ�LV�WKH�EHVW�SUR[\�IRU�WKH�ODWH�3OHLVWRFHQH�WHPSHUDWXUH�FKDQJH�DQG�LV

FRQVLVWHQW�ZLWK�D�����&�FRROLQJ��.OHLQ�HW�DO���������.OHLQ��������

$������P�RU�PRUH�ORZHULQJ�RI�WKH�HTXLOLEULXP�OLQH�DOVR�RFFXUUHG�LQ�WKH

ZHVWHUQ�FRUGLOOHUD���3UHVHQWO\�WKH�JODFLHUV�LQ�WKLV�UHJLRQ�DUH�FRQILQHG�WR�H[WUHPHO\

KLJK�DOWLWXGHV�DQG�DUH�WKRXJKW�WR�EH�PXFK�PRUH�VHQVLWLYH�WR�SUHFLSLWDWLRQ�FKDQJHV

WKDQ�WR�WHPSHUDWXUH�FKDQJHV��.XKQ��������.DVHU����������7KH�KLJK�VHQVLWLYLW\�WR

SUHFLSLWDWLRQ�FKDQJHV�PDNHV�D�SUHFLSLWDWLRQ�LQFUHDVH�WKH�PRVW�OLNHO\�H[SODQDWLRQ�IRU

WKH�ODUJH�(/$�ORZHULQJ�REVHUYHG�LQ�WKLV�DULG�UHJLRQ�DV�KDV�EHHQ�SUHYLRXVO\

K\SRWKHVL]HG��+DVWHQUDWK��������:ULJKW����������%HFDXVH�SUHFLSLWDWLRQ�LV�WKRXJKW�WR

EH�PRUH�LPSRUWDQW�WKDQ�WHPSHUDWXUH�LQ�FRQWUROOLQJ�WKH�DOWLWXGH�DW�ZKLFK�PRGHUQ

JODFLHUV�DUH�IRXQG�LQ�WKH�DULG�ZHVWHUQ�FRUGLOOHUD��WKH�LGHD�WKDW�H[WHQVLYH�ODWH

3OHLVWRFHQH�JODFLHU�H[SDQVLRQ�RFFXUUHG�XQGHU�PXFK�GULHU�FRQGLWLRQV�DV�K\SRWKHVL]HG

E\�)R[�DQG�%ORRP��������DQG�6DWRK��������DSSHDUV�XQUHDVRQDEOH�

7KH�ODWH�3OHLVWRFHQH�(/$�GHSUHVVLRQ�LQ�WKH�FHQWUDO�$QGHV�ZDV�FRQVLGHUDEO\

PRUH�FRPSOLFDWHG�WKDQ�WKH�XQLIRUP������P�RIWHQ�DVVXPHG�IRU�WKH�WURSLFV��5LQG�DQG

3HWHHW��������%URHFNHU�DQG�'HQWRQ����������)RU�H[DPSOH��(/$�GHSUHVVLRQ�RYHU�PXFK



RI�WKH�$OWLSODQR�ZDV�PXFK�OHVV�WKDQ������P���$UHDV�RI�VRXWKHDVW�3HUX�DQG�%ROLYLD

H[SHULHQFHG�RQO\������WR�����PHWHUV�RI�(/$�ORZHULQJ���7KHVH�DUHDV�RI�VPDOO�(/$

ORZHULQJ�FRUUHVSRQG�WR�DUHDV�RI�KLJK�HOHYDWLRQ�EXW�ORZ�UHOLHI��)LJXUH����DQG�VXJJHVW

WKDW�KLJK�SODWHDXV�OLPLW�WKH�HOHYDWLRQ�WR�ZKLFK�JODFLHUV�GHVFHQGHG�GXULQJ�WKH�ODWH

3OHLVWRFHQH���7KH�FRLQFLGHQFH�RI�PXOWLSOH�SKDVHV�RI�JODFLDWLRQ�UHDFKLQJ�QHDUO\�WKH

VDPH�HOHYDWLRQ�DORQJ�WKH�ZHVWHUQ�VORSH�RI�WKH�&RUGLOOHUD�5HDO��%ROLYLD��*RX]H�HW�DO��

������6HOW]HU��������LV�DQRWKHU�LQGLFDWLRQ�WKDW�WKH�$OWLSODQR�DQG�RWKHU�UHJLRQV�RI

KLJK�HOHYDWLRQ�EXW�ORZ�UHOLHI�FDXVH�D�QRQ�FOLPDWLF�WKUHVKROG�WR�OLPLW�JODFLHU

H[SDQVLRQ�DV�QRWHG�E\�&ODSSHUWRQ�������

&RQFOXVLRQV

7KH�UHJLRQDO�YLHZ�SURYLGHG�E\�/DQGVDW�7KHPDWLF�0DSSHU�LPDJHV�SURYLGHV�DQ

HIIHFWLYH�WRRO�IRU�LGHQWLILFDWLRQ�DQG�PDSSLQJ�RI�ODWH�3OHLVWRFHQH�JODFLDO�IHDWXUHV�RQ�D

UHJLRQDO�VFDOH�LQ�WKH�VHPLDULG�FHQWUDO�$QGHV���6LPSOH�UDGLRPHWULF�DQG�JHRPHWULF

FRUUHFWLRQV�DUH�DOO�WKDW�DUH�UHTXLUHG�WR�LQWHJUDWH�PXOWLSOH�70�VFHQHV�LQWR�D�VLQJOH

VHDPOHVV�PRVDLF�WKDW�FDQ�EH�XVHG�IRU�UHJLRQDO�VFDOH�JHRPRUSKRORJLFDO�PDSSLQJ�

$�/DQGVDW�7KHPDWLF�0DSSHU�LPDJH�PRVDLF�RI�WKH�FHQWUDO�$QGHV�ZDV�XVHG�WR

PDS�WKH�H[WHQW�RI�ODWH�3OHLVWRFHQH�PRUDLQHV�LQ�WKH�FHQWUDO�$QGHV�DQG�DOORZHG�WKH

PDJQLWXGH�DQG�SDWWHUQ�RI�(/$��VQRZOLQH��GHSUHVVLRQ�WR�EH�GHWHUPLQHG�RQ�D�UHJLRQDO

VFDOH���0RGHUQ�DQG�ODWH�3OHLVWRFHQH�(/$V�H[KLELW�D�VLPLODU�QRUWKHDVW�WR�VRXWKZHVW

ULVH�LQ�HOHYDWLRQ�WKDW�LV�D�UHVSRQVH�WR�GHFUHDVLQJ�SUHFLSLWDWLRQ�DFURVV�WKH�UHJLRQ�

7KH�PDJQLWXGH�RI�(/$�GHSUHVVLRQ�RQ�D�UHJLRQDO�VFDOH�ZDV�IRXQG�WR�YDU\

FRQVLGHUDEO\�IURP�WKH�XQLIRUP������P�ORZHULQJ�RIWHQ�DVVXPHG�IRU�WURSLFDO�ODWLWXGHV�



7KH�ORZHULQJ�ZDV�JUHDWHVW�DORQJ�WKH�HDVWHUQ�FRUGLOOHUD�RI�3HUX�DQG�%ROLYLD�ZKHUH

WKH�(/$�ZDV�FRQVLVWHQWO\�����������P�ORZHU���7KLV�GHSUHVVLRQ�LV�WKH�EHVW�SUR[\�IRU

WKH�ODWH�3OHLVWRFHQH�WHPSHUDWXUH�FKDQJH�DQG�KDV�EHHQ�IRXQG�WR�EH�FRQVLVWHQW�ZLWK�D

����&�FRROLQJ�

7KH�UHPRWH�VHQVLQJ�WHFKQLTXHV�XVHG�KHUH�DUH�HTXDOO\�DSSOLFDEOH�WR�PDSSLQJ

ODWH�3OHLVWRFHQH�JODFLHU�IHDWXUHV�LQ�RWKHU�UHPRWH�VHPLDULG�HQYLURQPHQWV�VXFK�DV�WKH

7LEHWDQ�3ODWHDX�DQG�WKH�$WODV�PRXQWDLQV�RI�QRUWK�$IULFD���$V�WKH�FRVW�RI�XVLQJ

VDWHOOLWH�LPDJHV�GHFUHDVHV�DQG�WKH�VSDWLDO�UHVROXWLRQ�LQFUHDVHV��VDWHOOLWH�LPDJHV�FDQ

RQO\�EHFRPH�PRUH�LPSRUWDQW�LQ�JHRPRUSKRORJLFDO�VWXGLHV�

$FNQRZOHGJPHQWV

7KLV�ZRUN�LV�VXSSRUWHG�E\�WKH�1$6$�PLVVLRQ�WR�3ODQHW�(DUWK�(DUWK

2EVHUYLQJ�6\VWHP�JUDQW�1$*:������DV�ZHOO�DV�VXSSRUW�IURP�WKH�'2(�*UDGXDWH

)HOORZVKLS�IRU�*OREDO�&KDQJH�3URJUDP���0\�WKDQNV�JR�WR�WKH�SUHVHQW�DQG�IRUPHU

PHPEHUV�RI�WKH�&RUQHOO�$QGHV�SURMHFW��HVSHFLDOO\�(ULF�)LHOGLQJ�DQG�7LPRWK\

*XEEHOV��ZKR�KHOSHG�PDNH�WKH�&RUQHOO�8QLYHUVLW\�/DQGVDW�DUFKLYH�DFFHVVLEOH�WR�DOO�

,�DOVR�DP�LQGHEWHG�WR�-DPHV�$EHU�IRU�GLVFXVVLRQV�RQ�WKH�VXEMHFW���*ODFLHU�LQYHQWRU\

GDWD�IRU�3HUX�DQG�%ROLYLD�ZHUH�NLQGO\�SURYLGHG�E\��:��+DHEHUOL�DQG�0��+RHO]OH�RI

WKH�:RUOG�*ODFLHU�0RQLWRULQJ�6HUYLFH�



5HIHUHQFHV

$EHU��-�6���6SHOOPDQ��(�(��DQG�:HEVWHU��0�3�������/DQGVDW�5HPRWH�6HQVLQJ�RI
*ODFLDO�7HUUDLQ��,Q��-�6��$EHU��HG����*ODFLRWHFWRQLFV�DQG�0DSSLQJ�*ODFLDO�'HSRVLWV�
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8QLYHUVLGDG�0D\RU�GH�6DQ�$QGUHZV��/D�3D]��%ROLYLD�

%DKU��'�%���0HLHU��0�)��DQG�3HFNKDP��6�'�������7KH�SK\VLFDO�EDVLV�IRU�JODFLHU
YROXPH�DUHD�VFDOLQJ�DQG�LPSOLFDWLRQV�IRU�PDVV�EDODQFH�SURILOHV��,Q��6�&��&ROEHFN
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SDOHRODNH�H[SDQVLRQV�LQ�WKH�FHQWUDO�$QGHV���UHVXOWV�IURP�*,6�DQG�HYDSRUDWLRQ�PRGHO
DQDO\VLV��(DUWK�,QWHUDFWLRQV��(���>DYDLOEOH�DW�KWWS���(DUWK,QWHUDFWLRQV�RUJ@�

%RXOWRQ��*�6��DQG�&ODUN��6�'�������$�KLJKO\�PRELOH�/DXUHQWLGH�LFH�VKHHW�UHYHDOHG
E\�VDWHOOLWH�LPDJHV�RI�JODFLDO�OLQHDWLRQV���1DWXUH���������������

%URHFNHU��:�6��DQG�'HQWRQ��*�+�������7KH�UROH�RI�RFHDQ�DWPRVSKHUH
UHRUJDQL]DWLRQV�LQ�JODFLDO�F\FOHV��*HRFKLPLFD�HW�&RVPRFKLPLFD�$FWD����������������

&KDYH]��3�6��-U������$Q�LPSURYHG�GDUN�REMHFW�VXEWUDFWLRQ�WHFKQLTXH�IRU
DWPRVSKHULF�VFDWWHULQJ�FRUUHFWLRQ�RI�PXOWLVSHFWUDO�GDWD��5HPRWH�6HQVLQJ�RI
(QYLURQPHQW��������������

&KDYH]��3�6��-U�������5DGLRPHWULF�FDOLEUDWLRQ�RI�/DQGVDW�7KHPDWLF�0DSSHU
PXOWLVSHFWUDO�LPDJHV��3KRWRJUDPPHWULF�(QJLQHHULQJ�DQG�5HPRWH�6HQVLQJ�����������
�����

&ODSSHUWRQ��&�0��������4XDWHUQDU\�JODFLDWLRQV�LQ�WKH�&RUGLOOHUD�%ODQFD��3HUX�DQG
WKH�&RUGLOOHUD�5HDO��%ROLYLD��5HYLVWD�&,$)��%RJRWD������������

&ODUN��&�'��LQ�SUHVV�5HFRQVWUXFWLQJ�WKH�HYROXWLRQDU\�G\QDPLFV�RI�IRUPHU�LFH�VKHHWV
XVLQJ�PXOWL�WHPSRUDO�HYLGHQFH��UHPRWH�VHQVLQJ�DQG�*,6��4XDWHUQDU\�6FLHQFH
5HYLHZV�

&ODUN��&�'�������0HJD�VFDOH�JODFLDO�OLQHDWLRQV�DQG�FURVV�FXWWLQJ�LFH�IORZ
ODQGIRUPV���(DUWK�6XUIDFH�3URFHVVHV�DQG�/DQGIRUPV�����������&OD\WRQ��-�'��DQG



&ODSSHUWRQ��&�0�������7KH�ODVW�JODFLDO�F\FOH�DQG�SDODHRODNH�V\QFKURQ\�LQ�WKH
VRXWKHUQ�%ROLYLDQ�$OWLSODQR��&HUUR�$]DQDTXHV�FDVH�VWXG\��%XOO��,QVW��IU��pWXGHV
DQGLQHV��������������

&ULSSHQ��5�(�������7KH�GDQJHUV�RI�XQGHUHVWLPDWLQJ�WKH�LPSRUWDQFH�RI�GDWD
DGMXVWPHQWV�LQ�EDQG�UDWLRLQJ��,QWHUQDWLRQDO�-RXUQDO�RI�5HPRWH�6HQVLQJ�������������

'HIHQVH�0DSSLQJ�$JHQF\������'LJLWDO�&KDUW�RI�WKH�:RUOG�'DWDEDVH��0,/�'�
��������8�6��*RYHUQPHQW�3ULQWLQJ�2IILFH��:DVKLQJWRQ��'�&�
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0DSSHU��5HPRWH�6HQVLQJ�RI�(QYLURQPHQW�����������

)R[��$�1�������6QRZOLQH�DOWLWXGH�DQG�FOLPDWH�LQ�WKH�&HQWUDO�$QGHV�������6��DW
SUHVHQW�DQG�GXULQJ�WKH�/DWH�3OHLVWRFHQH�*ODFLDO�0D[LPXP��3K�'��7KHVLV��&RUQHOO
8QLYHUVLW\�

)R[��$�1��DQG�%ORRP��$�/�������6QRZOLQH�DOWLWXGH�DQG�FOLPDWH�LQ�WKH�3HUXYLDQ
$QGHV��������6��DW�SUHVHQW�DQG�GXULQJ�WKH�/DWHVW�3OHLVWRFHQH�*ODFLDO�0D[LPXP�
-RXUQDO�RI�*HRJUDSK\��-DSDQ����������������

)U|KOLFK��&��DQG�6KDZ��*�(�������1HZ�GHWHUPLQDWLRQ�RI�5D\OHLJK�VFDWWHULQJ�LQ
WKH�WHUUHVWULDO�DWPRVSKHUH���$SSOLHG�2SWLFV����������������

*RX]H��3���$UJROOR��-���6DOLHJH��-��)��DQG�6HUYDQW��0�������,QWHUSUpWDWLRQ
SDOpRFOLPDWLTXH�GHV�RVFLOODWLRQV�GHV�JODFLHUV�DX�FRXUV�GHV����GHUQLHUV�PLOOpQDLUHV
GDQV�OHV�UpJLRQV�WURSLFDOV��H[HPSOH�GHV�$QGHV�EROLYLHQQHV��$FDGHPLH�GH�6FLHQFHV�
�������������

+DVWHQUDWK��6�������2Q�WKH�3OHLVWRFHQH�VQRZ�OLQH�GHSUHVVLRQ�LQ�WKH�DULG�UHJLRQV�RI
WKH�6RXWK�$PHULFDQ�$QGHV��-RXUQDO�RI�*ODFLRORJ\��������������

+DVWHQUDWK��6��DQG�.XW]EDFK��-�(�������/DWH�3OHLVWRFHQH�FOLPDWH�DQG�ZDWHU
EXGJHW�RI�WKH�6RXWK�$PHULFDQ�$OWLSODQR��4XDWHUQDU\�5HVHDUFK��������������

+LGUDQGLQD������*ODFLHU�,QYHQWRU\�RI�3HUX��&RQVHMR�1DFLRQDO�GH�&LHQFLD�\
7HFQRORJLD��&21&<7(&���+XDUD]�

+RIIPDQ��-�$�-�������&OLPDWLF�$WODV�RI�6RXWK�$PHULFD��:02��81(6&2��*HQHYD�

,TEDO��0�������$Q�,QWURGXFWLRQ�WR�6RODU�5DGLDWLRQ���$FDGHPLF�3UHVV��7RURQWR�

,VDFNV��%�/�������8SOLIW�RI�WKH�&HQWUDO�$QGHDQ�3ODWHDX�DQG�EHQGLQJ�RI�WKH�%ROLYLDQ
$QWLFOLQH��-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK����������������
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6WXWWJDUW��(XUDVEXUJ��*HUPDQ\�



.DVHU��*�������6RPH�QRWHV�RQ�WKH�EHKDYLRU�RI�WURSLFDO�JODFLHUV��%XOO��,QVW��IU��pWXGHV
DQGLQHV��������������

.HVVOHU��$�������7KH�SDOHRK\GURORJ\�RI�WKH�ODWH�3OHLVWRFHQH�ODNH�7DXFD�RQ�WKH
%ROLYLDQ�$OWLSODQR�DQG�UHFHQW�FOLPDWLF�IOXFWXDWLRQV���6$648$�,QWHUQDWLRQDO
6\PSRVLXP��6ZD]LODQG��SS����������

.OHLQ��$�*�������0RGHUQ�DQG�ODWH�3OHLVWRFHQH�JODFLDO�VWXGLHV�LQ�WKH�FHQWUDO�$QGHV
RI�3HUX�DQG�%ROLYLD���DSSOLFDWLRQ�RI�VDWHOOLWH�UHPRWH�VHQVLQJ�DQG�GLJLWDO�WHUUDLQ
DQDO\VLV��3K�'��7KHVLV��&RUQHOO�8QLYHUVLW\��,WKDFD��1<������SS�

.OHLQ��$�*���,VDFNV��%�/��DQG�%ORRP��$�/�������0RGHUQ�DQG�ODVW�JODFLDO
PD[LPXP�VQRZOLQH�LQ�3HUX�DQG�%ROLYLD���,PSOLFDWLRQV�IRU�UHJLRQDO�FOLPDWLF�FKDQJH�
%XOO��,QVW��IU��pWXGHV�DQGLQHV��������������

.XKQ��0�9�������9HUJOHWVFKHUXQJ��1XOOJUDGJUHQ]H�XQG�1LHGHUVFKODJ�LQ�GHQ
$QGHQ��-DKUEXFK�GHV�6RQQEOLFNYHUHLQV�������������6SULQJHU�9HUODJ��:LHQ��SS�������

/LOOHVDQG��7�0��DQG�.LHIHU��5�:�������5HPRWH�6HQVLQJ�DQG�,PDJH
,QWHUSUHWDWLRQ��-RKQ�:LOH\�	�6RQV��1HZ�<RUN�

0DUNKDP��%�/��DQG�%DUNHU��-�/�������/DQGVDW�066�DQG�70�SRVW�FDOLEUDWLRQ
G\QDPLF�UDQJHV��H[RDWPRVSKHULF�UHIOHFWDQFHV�DQG�DW�VDWHOOLWH�WHPSHUDWXUHV��(26$7
7HFKQLFDO�1RWHV���������

0HLHU��0�)��DQG�%DKU��'�%�������&RXQWLQJ�JODFLHUV���XVH�RI�VFDOLQJ�PHWKRGV�WR
HVWLPDWH�WKH�QXPEHU�DQG�VL]H�GLVWULEXWLRQ�RI�WKH�JODFLHUV�RI�WKH�ZRUOG��,Q��6�&�
&ROEHFN��HG����*ODFLHUV��,FH�6KHHWV�DQG�9ROFDQRHV���$�7ULEXWH�WR�0DUN�)��0HLHU�
&55(/��+DQRYHU��1+��SS��������

0HLHUGLQJ��7�&�������/DWH�3OHLVWRFHQH�JODFLDO�HTXLOLEULXP�OLQH�DOWLWXGHV�LQ�WKH
&RORUDGR�)URQW�5DQJH���D�FRPSDULVRQ�RI�PHWKRGV��4XDWHUQDU\�5HVHDUFK����������
����

0HUFHU��-�+�������/DWH�&DLQR]RLF�JODFLDO�YDULDWLRQV�LQ�6RXWK�$PHULFD�VRXWK�RI�WKH
HTXDWRU��,Q��-�&��9RJHO��HG����/DWH�&DLQR]RLF�3DODHRFOLPDWHV�RI�WKH�6RXWKHUQ
+HPLVSKHUH��$�$��%DONHPD��5RWWHUGDP��SS��������

1RJDPL��0�������$OWLWXGH�RI�WKH�PRGHUQ�VQRZOLQH�DQG�3OHLVWRFHQH�VQRZOLQH�LQ�WKH
$QGHV��7RN\R�0HWURSROLWDQ�8QLYHUVLW\��*HRJUDSKLFDO�5HSRUWV������������

2\DU]XQ��&�*�������,QYHQWDULR�GR�*ODFLDUHV�GH�ORV�$QGHV�&KLOHQRV�GHVGH�ORV�����D
ORV�����GH�/DWLWXG�6XU��5HYLVWD�GH�*HRJUDILD�1RUWH�*UDQGH������������

3RUWHU��6�&�������([WHQW�RI�/DWH�3OHLVWRFHQH�JODFLHUV�LQ�$IJKDQLVWDQ�EDVHG�RQ
LQWHUSUHWDWLRQ�RI�/DQGVDW�LPDJHU\��,Q��'�3��$UJUDZDO��HG����&OLPDWH�DQG�*HRORJ\�RI
.DVKPLU��WKH�ODVW���PLOOLRQ�\HDUV���SURFHHGLQJV�RI�WKH�LQWHUQDWLRQDO�ZRUNVKRS�RQ�WKH



/DWH�&HQR]RLF�SDODHRFOLPDWLF�FKDQJHV�LQ�.DVKPLU�DQG�FHQWUDO�$VLD��&XUUHQW�7UHQGV
LQ�*HRORJ\��SS����������

3RUWHU��6�&�������(TXLOLEULXP�OLQH�DOWLWXGHV�RI�/DWH�4XDWHUQDU\�JODFLHUV�LQ�WKH
6RXWKHUQ�$OSV��1HZ�=HDODQG��4XDWHUQDU\�5HVHDUFK�����������

3XQNDUL��0�������*ODFLDO�IORZ�V\VWHPV�LQ�WKH�]RQH�RI�FRQIOXHQFH�EHWZHHQ�WKH
6FDQGLQDYLDQ�DQG�1RYD\D�=HPO\D�LFH�VKHHWV���4XDWHUQDU\�6FLHQFH�5HYLHZV����������
���

3XQNDUL��0�������*ODFLDO�JHRPRSUKRORJ\�DQG�G\QDPLFV�LQ�WKH�HDVWHUQ�SDUWV�RI�WKH
%DOWLF�6KLHOG�LQWHUSUHWHG�XVLQJ�/DQGVDW�LPDJHU\���3KRWRJUDPPHWULF�-RXUQDO�RI
)LQODQG�����������

5LQG��'��DQG�3HWHHW��'�������7HUUHVWULDO�FRQGLWLRQV�DW�WKH�/DVW�*ODFLDO�0D[LPXP
DQG�&/,0$3�VHD�VXUIDFH�WHPSHUDWXUH�HVWLPDWHV���DUH�WKH\�FRQVLVWHQW"�4XDWHUQDU\
5HVHDUFK�����������

5RELQRYH��&�-�������&RPSXWDWLRQ�ZLWK�SK\VLFDO�YDOXHV�IURP�/DQGVDW�GLJLWDO�GDWD�
3KRWRJUDPPHWULF�(QJLQHHULQJ�DQG�5HPRWH�6HQVLQJ��������������

6DWRK��+�������2Q�WKH�6QRZ�OLQH�$OWLWXGH�LQ�WKH�&HQWUDO�DQG�6RXWKHUQ�$QGHV�RI
WKH�0RGHUQ�$JH�DQG�WKH�'LOXYLDO�(SRFK��,Q��6��+RULH��HG����3DOHROLPQRORJ\�RI�/DNH
%LZD�DQG�WKH�-DSDQHVH�3OHLVWRFHQH��SS����������

6HOW]HU��*�2�������5HFHQW�*ODFLDO�+LVWRU\�DQG�3DOHRFOLPDWH�RI�WKH�3HUXYLDQ�
%ROLYLDQ�$QGHV��4XDWHUQDU\�6FLHQFH�5HYLHZV�������������

6HOW]HU��*�2�������/DWH�4XDWHUQDU\�JODFLDWLRQ�RI�WKH�&RUGLOOHUD�5HDO��%ROLYLD�
-RXUQDO�RI�4XDWHUQDU\�6FLHQFH�����������

6ODWHU��3�1���'R\OH��)�-���)ULW]��1�/��DQG�:HOWFK��5�������3KRWRJUDSKLF�V\VWHPV
IRU�UHPRWH�VHQVLQJ��,Q��5�1��&ROZHOO��HG����6HFRQG�(GLWLRQ�RI�0DQXDO�RI�5HPRWH
6HQVLQJ��$PHULFDQ�6RFLHW\�RI�3KRWRJUDPPHWU\��SS����������

7XUFRWWH��'�/�������)UDFWDOV�DQG�&KDRV�LQ�*HRORJ\�DQG�*HRSK\VLFV��&DPEULGJH
8QLYHUVLW\�3UHVV��&DPEULGJH�

8�6��1DYDO�2EVHUYDWRU\������7KH�$VWURQRPLFDO�$OPDQDF��8�6��*RYHUQPHQW
3ULQWLQJ�2IILFH��:DVKLQJWRQ��'�&�

:LOOLDPV��5�6��-U�������*ODFLHU�LQYHQWRU\�RI�,FHODQG���(YDOXDWLRQ�DQG�XVH�RI
VRXUFHV�RI�GDWD��$QQDOV�RI�*ODFLRORJ\�������������

:ULJKW��+�(�������/DWH�3OHLVWRFHQH�*ODFLDWLRQ�DQG�&OLPDWH�$URXQG�WKH�-XQLQ
3ODLQ��&HQWUDO�3HUXYLDQ�+LJKODQGV���*HRJUDILVND�$QQDOHU�����$��������



)LJXUH�&DSWLRQV

)LJXUH�����&RORXU�FRGHG��VKDGHG�UHOLHI�WRSRJUDSK\�RI�WKH�FHQWUDO�$QGHV�RI�%ROLYLD�

3HUX��DQG�QRUWKHUQ�&KLOH��,VDFNV��������'HIHQVH�0DSSLQJ�$JHQF\�������

)LJXUH�����0HDQ�DQQXDO�SUHFLSLWDWLRQ�RI�WKH�FHQWUDO�$QGHV�RI�%ROLYLD��3HUX��DQG

QRUWKHUQ�&KLOH��+RIIPDQ����������&RQWRXUV�DUH�LQ�PLOOLPHWHUV�DQG�DUH�FRORXU�FRGHG

IURP�ZHWWHVW��SXUSOH��WR�GULHVW��UHG��

)LJXUH�����3VHXGRFRORU�/DQGVDW�7KHPDWLF�0DSSHU�PRVDLF�RI�WKH�FHQWUDO�$QGHV�RI

%ROLYLD��3HUX��DQG�QRUWKHUQ�&KLOH���/DQGVDW�EDQGV�������DQG���DUH�GLVSOD\HG�DV�UHG�

JUHHQ�DQG�EOXH�UHVSHFWLYHO\���0RGHUQ�JODFLHUV�DQG�VQRZFRYHU�DSSHDU�LQ�F\DQ���7KH

UHG�ER[HV�LQGLFDWH�WKH�ORFDWLRQ�RI�)LJV�������DQG���

)LJXUH������$��0RQRFKURPDWLF��70�EDQG���DQG�066�EDQG����H[DPSOH�VKRZLQJ�DQ

H[DPSOH�RI�PRUDLQH�LGHQWLILFDWLRQ�XVLQJ�/DQGVDW�7KHPDWLF�0DSSHU��OHIW��DQG

/DQGVDW�0XOWLVSHFWUDO�6FDQQHU�LPDJHV��ULJKW��IRU�1HYDGR�6DMDPD��%ROLYLD���7KH

ZKLWH�RXWOLQH�UHSUHVHQWV�WKH�H[WHQW�RI�ODWH�3OHLVWRFHQH�JODFLHUV�PDSSHG�XVLQJ�70�

:KLOH�WKH�PRUDLQH�FUHVWV�DUH�TXLWH�VKDUS�LQ�WKH�70�LPDJH��WKH�DUH�QRW�QHDUO\�DV

ZHOO�GHILQHG�LQ�WKH�ORZHU�UHVROXWLRQ�066�LPDJH��LQVHWV�����%���$�FRPSDULVRQ�RI�WKH

DSSHDUDQFH�RI�PRUDLQHV�RQ�D�/DQGVDW�70�LPDJH��OHIW��DQG�DHULDO�SKRWRJUDSK��ULJKW��

,Q�ERWK�LPDJHV�WKH�VKDUS�FUHVWHG�PRUDLQHV�DUH�FOHDUO\�YLVLEOH���,Q�VRPH�FDVHV��WKH

ODUJHU�FRQWUDVW�LQ�WRQH�GXH�WR�VKDGRZLQJ�DQG�EOXUULQJ�RI�VPDOOHU�VFDOH�IHDWXUHV�LQ

WKH�/DQGVDW�70�LPDJH�PDNHV�LGHQWLILFDWLRQ�RI�WKH�ODUJH�ODWH�3OHLVWRFHQH�PRUDLQHV

HDVLHU�WKDQ�RQ�DHULDO�SKRWRJUDSKV�



)LJXUH�����$�FRPSDULVRQ�RI��$��DHULDO�SKRWRJUDSK\���%��/DQGVDW�70���&��D

WHUUHVWULDO�SKRWRJUDSK\�DQG��'��D�ILHOG�EDVHG�JHRPRUSKLF�PDS�SXEOLVKHG�E\�$UJROOR

�������IRU�DQ�DUHD�QRUWK�HDVW�RI�/D�3D]��%ROLYLD���2YHUDOO�WKH�FRUUHVSRQGHQFH

EHWZHHQ�PRUDLQHV�PDSSHG�IURP�/DQGVDW�70�DQG�WKRVH�PDSSHG�LQ�WKH�ILHOG��UHG

&KRTXH\DSX�PRUDLQHV��LV�TXLWH�JRRG���6RPH�RI�WKH�ROGHU�PRUDLQHV��KRZHYHU��KDYH

EHHQ�PLVLGHQWLILHG�RQ�WKH�/DQGVDW�LPDJH���$V�FDQ�EH�VHHQ�LQ�WKH�WHUUHVWULDO

SKRWRJUDSK��WKHVH�ODWH�3OHLVWRFHQH�JODFLHUV�ZHUH�TXLWH�ODUJH�DQG�OHIW�EHKLQG�ODUJH

ODWHUDO�DQG�WHUPLQDO�PRUDLQHV�

)LJXUH�����$�FRPSDULVRQ�RI�DHULDO�SKRWRJUDSK\��$��DQG�/DQGVDW�70��������LPDJHV

�%�DQG�&��UHVSHFWLYHO\�IRU�DQ�VPDOO�DUHD�LQ�WKH�UXJJHG�HDVWHUQ�FRUGLOOHUD�RI�%ROLYLD�

0DQ\�IHDWXUHV��LQFOXGLQJ�PRUDLQHV��YDOOH\�IRUP�DQG�JODFLDOO\�VFRXUHG�EHGURFN��WKDW

DUH�YLVLEOH�LQ�DHULDO�SKRWRJUDSKV�DUH�DOVR�UHFRJQL]DEOH�LQ�/DQGVDW�LPDJHV�DQG�FDQ

EH�XVHG�WR�PDS�WKH�H[WHQW�RI�ODWH�3OHLVWRFHQH�JODFLDWLRQ�LQ�WKH�DUHD���7KH�PDSSHG

JODFLDO�H[WHQWV�DUH�VKRZQ�LQ��&����1RWH�WKDW�WKH�PDMRU�JRDO�RI�WKH�VWXG\�ZDV�WR

LGHQWLI\�WKH�PLQLPXP�DQG�PD[LPXP�HOHYDWLRQV�HQFRPSDVVHG�E\�HDFK�ODWH

3OHLVWRFHQH�JODFLHU��QRW�WR�FUHDWH�PLQXWHO\�GHWDLOHG�UHSUHVHQWDWLRQ�RI�HDFK�JODFLHU�

WKHUHIRUH�WKH�JODFLDO�H[WHQWV�DUH�VRPHZKDW�JHQHUDOL]HG�

)LJXUH�����0RGHUQ�VQRZ�FRYHU�H[WHQW��EODFN��LQ�WKH�FHQWUDO�$QGHV�FDOFXODWHG�IURP

WKH�/DQGVDW�7KHPDWLF�0DSSHU�LPDJHV�VKRZQ�LQ�)LJXUH�����7KH�ODUJH�ODNHV�DQG

VDODUV��VDOW�IODWV��LQ�WKH�UHJLRQ�DUH�VKRZQ�LQ�EOXH�

)LJXUH�����/DWH�3OHLVWRFHQH�JODFLHU�H[WHQW��EOXH��LQ�WKH�FHQWUDO�$QGHV�PDSSHG�IURP

/DQGVDW�7KHPDWLF�0DSSHU�LPDJHV�VKRZQ�LQ�)LJXUH���



)LJXUH������$��D�FXPXODWLYH�IUHTXHQF\�SORW�RI�WKH�VL]H��NP���RI�PRGHUQ��%ROLYLD�

JUHHQ��3HUX�UHG��DQG�ODWH�3OHLVWRFHQH�JODFLHUV��EOXH��LQ�WKH�FHQWUDO�$QGHV�RI�3HUX

DQG�%ROLYLD�YHUVXV�QXPEHU��1F����7KH�FXPXODWLYH�IUHTXHQF\�SORW�IRU�WKH�$OSV��ODUJH

EOXH�JUD\�GRWV��LV�DOVR�VKRZQ����%��LGHQWLFDO�WR��$��H[FHSW�HDFK�FXUYH�KDV�EHHQ

QRUPDOL]HG�E\�WKH�WRWDO�QXPEHU�RI�JODFLHUV�WR�DFFHQWXDWH�GLIIHUHQFHV�LQ�FXUYDWXUH�

)LJXUH������$UHD�YROXPH�UHODWLRQVKLS�IRU�WKH�VL[W\�QLQH�UHFRQVWUXFWHG�ODWH

3OHLVWRFHQH�JODFLHUV��)R[����������7KH�VROLG�EOXH�FXUYH�LV�WKH�DUHD�YROXPH

UHODWLRQVKLS�GHYHORSHG�IRU�PRGHUQ�JODFLHUV�E\��0HLHU�DQG�%DKU����������7KH�GDVKHG

UHG�OLQH�UHSUHVHQWV�WKH�RULJLQDO�HPSLULFDO�UHODWLRQVKLS�GHWHUPLQHG�E\�)R[���7KH

FXUYDWXUH�LQ�WKH�)R[��������UHODWLRQVKLS�FDXVHV�H[FHVVLYH�YROXPHV�WR�EH�HVWLPDWHG

IRU�JODFLHUV�ZLWK�DUHDV�RXWVLGH�WKH�VDPSOHG�VL]HV���%HFDXVH�PDQ\�JODFLHUV�RI�WKHVH

VL]HV�GR�H[LVW��WKH�XVH�RI�WKH�DUHD�YROXPH�UHODWLRQVKLS�GHYHORSHG�E\�0HLHU�DQG�%DKU

�������LV�SUHIHUDEOH�

)LJXUH������0RGHUQ�VQRZOLQH�HOHYDWLRQ�LQ�WKH�FHQWUDO�$QGHV�EDVHG�RQ�WKH�FODVVLILHG

VQRZ�FRYHU�VKRZQ�LQ�)LJXUH�����7KH�FRQWRXUV�ZHUH�FUHDWHG�E\�DYHUDJLQJ�LQGLYLGXDO

HOHYDWLRQ�HVWLPDWHV�LQ�D�������[�������PRYLQJ�ZLQGRZ�DQG�KDQG�FRQWRXULQJ�WKH

UHVXOWLQJ�YDOXHV���&RQWRXU�LQWHUYDO�LV�����P�

)LJXUH�����/DWH�3OHLVWRFHQH�HTXLOLEULXP�OLQH�DOWLWXGHV�LQ�WKH�FHQWUDO�$QGHV�EDVHG

RQ�WKH�JODFLHUV�VKRZQ�LQ�)LJXUH�����7KH�FRQWRXUV�ZHUH�FDOFXODWHG�E\�GHWHUPLQLQJ

WKH�PLQLPXP�VQRZOLQH�HOHYDWLRQ�ZLWKLQ�D�PRYLQJ�������[�������PRYLQJ�ZLQGRZ�DQG

WKHQ�FRQWRXULQJ���&RQWRXU�LQWHUYDO�LV�����P�

)LJXUH������/DWH�3OHLVWRFHQH�(/$�GHSUHVVLRQ�LQ�WKH�FHQWUDO�$QGHV���7KH�(/$

GHSUHVVLRQ�ZDV�FDOFXODWHG�E\�FUHDWLQJ�FRQWLQXRXV�VXUIDFHV�RI�PRGHUQ�DQG�ODWH



3OHLVWRFHQH�(/$�VXUIDFHV�EDVHG�RQ�WKH�FRQWRXUV�VKRZQ�LQ�)LJXUH����DQG������7KH

GHSUHVVLRQ�LV�D�VLPSOH�GLIIHUHQFH�EHWZHHQ�WKH�WZR�WKDW�KDV�EHHQ�VPRRWKHG�ZLWK�D

ORZ�SDVV�ILOWHU�WR�UHPRYH�KLJK�IUHTXHQF\�QRLVH���&RQWRXU�LQWHUYDO�����P�



7DEOH����/DQGVDW�7KHPDWLF�0DSSHU�,PDJHV�FRPSULVLQJ�WKH�FHQWUDO�$QGHV�0RVDLF

3DWK 5RZ 6FHQH�,' DFTXLVLWLRQ�GDWH VRODU�HOHYHYDWLRQ
�GHJUHHV�
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7DEOH����1XPEHU�DQG�DUHD�RI�PRGHUQ�JODFLHUV�IRXQG�ZLWKLQ�WKH�FHQWUDO�$QGHV�����

����6�

5HJLRQ 6XEUHJLRQ 1XPEHU $UHD
�NP��

&HQWUDO�$QGHV ���� ������

%ROLYLD� ����� ������

HDVWHUQ�FRUGLOOHUD ���� ������
&RUGLOOHUD�GH�0XQHFDV �� ����
&RUGLOOHUD�5HDO ��� ������
7UHV�&UXFHV ��� �����
6DQWD�9HUD�&UX] �� ����

:HVWHUQ�FRUGLOOHUD XQNQRZQ ��
1HYDGR�&RQGRULUL XQNQRZQ �
1HYDGR�6DMDPD XQNQRZQ �
1HYDRGV�3D\DFKDWD XQNQRZQ �
0HYGR�4XLPVD�&KDWD 8QNQRZQ �

3HUX� ��� ������

$PSDWR �� ������
+XDQ]R ��� �����
&KLOD �� �����
/D�5D\D �� �����
9ROFDQLFD 8QNQRZQ 8QNQRZQ
%DUURVR 8QNQRZQ 8QNQRZQ

&KLOH� �������6 �� �����

�-RUGDQ����������+LGUDQGLQD����������2\DU]XQ�������



7DEOH����$UHD�VWDWLVWLFV�RI�PRGHUQ�JODFLHUV�DQG�/DWH�3OHLVWRFHQH�SDODHR�JODFLHUV�LQ

WKH�FHQWUDO�$QGHV��:RUOG�*ODFLHU�0RQLWRULQJ�6HUYLFH��XQSXEOLVKHG�GDWD�

0HDQ
DUHD
�NP��

PHGLDQ
DUHD
�NP��

VWDQGDUG
GHYLDWLRQ
�NP��

PLQLPXP
DUHD
�NP��

PD[LPXP
DUHD
�NP��

QXPEHU

3HUX ���� ���� ���� ���� ����� �����

%ROLYLD ���� ���� ���� ���� ����� �����

3DODHR ���� ���� ���� ����� ������ ������



$SSHQGL[�,���3DODHR�JODFLHU�PDSV

7KH�PDSSHG�ODWH�3OHLVWRFHQH�JODFLHU�H[WHQWV�DUH�LQFOXGHG�DV�DQ�$5&�,1)2
LQWHUFKDQJH��H[SRUW��ILOH���7KH�SURMHFWLRQ�LV�*(2*5$3+,&��WKH�GDWXP�:*6����DQG
WKH�PDS�XQLWV�'(&,0$/�'(*5((6���7KH�FRYHUDJH�FRQWDLQV�WKH�IROORZLQJ
DWWULEXWHV�IRU�HDFK�JODFLHU�

$WWULEXWH 'HVFULSWLRQ 8QLWV
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